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Abstract 


A  comprehensive  study  of  rough- wall  high-speed  (M=2.9)  high  Reynolds  number  (Re/m  = 
1.9-10^)  turbulent  boundary  layer  flow  was  performed  consisting  of  experimental,  analytical,  and 
numerical  methods.  Six  wall  topologies  consisting  of  a  smooth  and  five  rough  surfaces  (two-  and 
three-dimensional  machined  roughness  plates;  and  80,  36,  and  20  grit  sand-grain  roughened  plates) 
were  studied.  A  confocal  laser  scan  microscope  was  used  to  measure  the  topography  of  the  sand- 
grain  roughnesses.  The  experimental  measurement  techniques  included  a  convention  Pitot  pressure 
probe,  laser  Doppler  velocimetry,  hot-wire  anemometry,  color  schlieren  and  laser  sheet  Mie  scat¬ 
tering  images.  Mean  measurements  included  velocity,  Mach  number,  density,  and  mass  flux.  Tbr- 
bulent  measurements  included  velocity  and  mass  flux  turbulence  intensities,  kinematic  Reynolds 
shear  stress,  compressible  Reynolds  shear  stress  in  two  planes,  and  the  traverse  apparent  mass  flux. 
Kinematic  turbulent  flow  statistical  properties  were  found  to  scale  by  local  mean  quantities  and 
displayed  a  weak  dependence  on  surface  roughness.  Turbulent  flow  statistical  properties  with  the 
explicit  appearance  of  density  did  not  scale  by  local  mean  quantities,  and  had  a  strong  linear  de¬ 
pendence  on  roughness.  Surface  roughness  also  had  a  significant  effect  on  the  flow  stmcture  size, 
angles,  and  energy  spectra.  A  theoretical  analysis  was  performed  and  a  new  integral  method  for  the 
estimation  of  skin  friction  was  developed.  The  skin  friction  estimates  were  within  4%  of  compress¬ 
ible  semi-empirical  relations.  A  numerical  study  was  performed  which  used  a  parabolized  Navier- 
Stokes  solver  with  two  algebraic  turbulence  models  and  the  Rotta  model  for  surface  roughness. 
A  new  method  for  the  estimation  of  momentum  loss  improved  the  numerical  flow  predictability. 
The  algebraic  turbulence  models  predicted  qualitatively  correct  profile  shapes  and  accurately  pre¬ 
dicted  the  kinematic  and  compressible  Reynolds  shear  stress  levels  for  all  but  the  near  wall  region 
(y/6  <  0.4). 
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The  Influence  of  Surface  Roughness  on  Supersonic  High 
Reynolds  Number  Thrbulent  Boundary  Layer  Flow 

Chapter  !  -  Introduction 

1.1  Motivation 

The  understanding  of  supersonic  boundary  layer  flow  is  of  great  importance  to  many  fields  in 
science  and  engineering.  Supersonic  viscous  boundary  layers  are  responsible  for  skin  friction  drag, 
convective  heat  transfer,  and  mass  transfer  over  high-speed  aircraft;  missiles;  re-entry  vehicles;  and 
propulsion  systems.  Surface  roughness  has  a  significant  effect  on  supersonic  viscous  boundary  lay¬ 
ers  and  may  occur  in  hypersonic  engine  inlets,  combustors,  and  diffuser  sections,  turbine  blade  film 
cooling,  and  possible  surface  radiation  signature  reduction.  Since  all  manufactured  components  of 
these  systems  have  some  inherent  surface  roughness  or  through  operation  roughness  is  generated,  it 
is  important  to  understand  how  surface  roughness  affects  supersonic  boundary  layers  in  both  a  qual¬ 
itative  and  quantitative  manner  to  enable  better  systems  designs  for  high  performance  applications. 

Since  the  1960’s,  hypersonic  aircraft  with  scramjet  propulsion  have  been  proposed,  but  until 
recently,  not  a  reality.  The  Hyper-X  hypersonic  flight  test  program  has  been  initiated  by  NASA  and 
is  set  to  fly  in  1999  in  the  Mach  5  to  10  range.  According  to  NASA,  the  scramjet  engine  is  the 
key  enabling  technology  for  hypersonic  flight  [2].  The  ability  of  the  scramjet  to  use  atmospheric 
air  as  an  oxidizer  gives  it  a  significant  cargo/payload  advantage  over  rocket  propulsion.  However, 
difficulties  in  the  design  of  scramjet  engines  with  regard  to  fuel  mixing  and  combustion,  low  thrust- 
to-drag  ratio,  and  limited  ground  test  facilities,  make  numerical  analysis  and  flight  test  essential. 
Current  design  analyses  indicate  that  scramjet  propulsion  systems  will  operate  very  near  the  thrust 
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margin  (i.e.,  the  thrast  will  just  exceed  the  drag)  [30].  Hence,  the  increased  drag  due  to  roughness 
can  potentially  have  a  very  serious  impact  on  hypersonic  vehicles. 

The  above  listed  modem  technologies  currently  under  development  underscore  the  timeliness 
of  the  present  research  program.  The  current  research  program  is  focused  on  improving  the  f  lowfield 
understanding  and  predictability  for  supersonic  flow  over  rough  surfaces. 

1.2  Current  Flowfield  Understanding  and  Prediction  Limitations 

Semi-empirical  relations  or  Computational  Fluid  Dynamics  (CFD)  are  used  to  estimate  prag¬ 
matic  engineering  quantities  (e.g.,  skin  friction,  Cf  and  heat  flux,  St).  For  high-speed  flow,  the 
semi-empirical  techniques  are  based  on  “reasonable”  extrapolations  from  the  incompressible  data 
base,  i.e.,  most  of  the  available  data  has  been  acquired  for  low-speed  flow  (see  Chapter  2).  Fur¬ 
ther,  the  extrapolation  to  high-speed  flow  usually  entails  invoking  a  compressibility  transformation 
(e.g..  Van  Driest  [62]),  which  are  only  valid  for  “smooth”  flat  plates.  Hence,  the  utilization  of  semi- 
empirical  methods  yield  qualitative  or  unproven  information  at  best. 

Computational  techniques  suffer  a  similar  dilemma,  where  the  extreme  dearth  of  high-speed 
turbulence  data,  even  for  simple  smooth  wall  flows  (Bradshaw  [15]  and  Spina  et  al.  [56]),  have 
severely  limited  the  development  and  validation  of  turbulence  models.  It  is  also  important  to  point 
out  that  all  current  high-speed  turbulence  models,  with  the  exceptions  of  Large  Eddy  Simulation 
(LES)  or  Direct  Numerical  Simulation  (DNS),  were  developed  by  “extending”  existing  low-speed 
formulations.  Based  on  Morkovin’s  [43]  observation  “..  the  essential  dynamics  supersonic  bound¬ 
ary  layers  follow  the  incompressible  pattern”  along  with  the  similarity  of  the  compressible  Farve- 
averaged  Navier-Stokes  equations  (see  Chapter  2)  to  the  incompressible  equations,  has  lead  re¬ 
searchers  to  use  incompressible  turbulence  models  for  flows  up  to  Mach  5.  Recent  research  by 
Bowersox  and  Buter  [9],  Smits  et  al.  [54]  and  Spina  [57]  has  indicated  that  the  realm  of  applica- 
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bility  of  Morkovin’s  hypothesis  is  more  restrictive  then  originally  believed,  and  has  suggested  the 
need  for  further  research  into  high-speed  compressible  boundary  layer  flows. 

Numerical  techniques  are  more  useful  for  complex  geometries  as  compared  to  classical  flat 
plate  semi-empirical  methods;  however,  the  lack  of  experimental  data,  complexity  of  turbulent 
boundary  layers,  and  the  state  of  current  models  are  key  limitations  to  prediction  accuracy.  The  de¬ 
sign  of  high  speed  vehicles  requires  an  integrated  approach  to  balance  the  subsystems  of  propulsion, 
payload,  airframe  structure,  controls,  and  surface  shape  (both  for  aerodynamics  and  radiation  sig¬ 
nature).  Since  the  building  and  testing  of  each  design  can  be  quite  costly,  computational  modeling 
plays  a  key  role  in  the  design  of  each  of  the  subsystems  and  the  total  system  as  a  whole.  While  most 
areas  of  CFD  are  well  advanced,  the  area  of  turbulent  modeling  requires  further  refinement.  This 
is  particularly  true  for  high-speed  turbulent  boundary  layers  with  surface  roughness,  where  studies 
aimed  at  understanding  the  processes  involved  and  developing  better  prediction  methods  are  clearly 
lacking. 

To  improve  flowfield  understanding  and  prediction  capability  for  high-speed  boundary  layers 
with  surface  roughness,  detailed  information  is  required  in  the  areas  of  mean  and  turbulence  data 
and  surface  roughness  statistics.  Mean  flow  information,  such  as,  velocity,  density,  mass  flux,  and 
Mach  number  data  is  required.  From  this  mean  data,  integral  quantities  such  as,  displacement  and 
momentum  thicknesses,  can  be  estimated  and,  when  combined  with  surface  roughness  statistics 
allow  the  verification  and/or  development  of  new  semi-empirical  relations. 

Turbulence  data  and  detailed  surface  roughness  statics  allow  for  the  development  and  validation 
of  turbulence  models  that  include  the  underlying  physics  involved  with  rough  surface  high-speed 
turbulent  boundary  layer  flow.  For  high-speed  flow  turbulence  measurements  must  provide  both 
velocity  fluctuating  and  density  fluctuating  quantities  to  assess  the  effects  of  surface  roughness  on 
a  compressible  turbulent  boundary  layer. 
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In  the  past,  sand-grain  rough  surface  heights  were  provided  by  sand-grain  size  measurements 
prior  to  application  on  an  arbitrary  surface  or  by  profilometer  measurements.  This  type  of  rough¬ 
ness  height  measurement  provides  mean  height  and  standard  deviation  information,  but  does  not 
provide  topographical  information  over  the  surface  roughness  area.  Topographical  surface  rough¬ 
ness  information  will  be  beneficial  in  three-dimensional  turbulence  modeling  and  DNS. 

1.3  Research  Challenges  and  Recent  Developments  That  Allow  for  the  Present 
Research 

High-Reynolds  number  turbulent  boundary  layers  are  characterized  by  a  large  range  of  spatial 
and  temporal  scales.  To  directly  simulate  turbulence  with  the  time-dependent  form  of  the  governing 
equations  requires  a  prohibitively  large  number  of  grid  points  for  spatial  and  temporal  resolution 
[67].  For  this  reason,  intensive  research  is  on  going  in  the  area  of  turbulence  modeling  through  the 
use  of  the  approximate  time-averaged  and  mass-weighted  time-averaged  forms  of  the  governing 
equations  (see  Chapter  2)  in  which  the  flow  variables  are  assumed  to  be  “decomposable”  into  a 
mean  and  a  fluctuating  component.  This  process  results  in  second  order  moments,  which  translates 
into  additional  unknowns.  The  closure  problem  of  turbulence  hinges  on  developing  models  for  these 
unknowns. 

Empirical  evidence  is  the  cornerstone  element  of  turbulence  modeling.  Detailed  experimental 
studies  focused  on  supersonic  boundary  layer  flow  with  surface  roughness  are  exceedingly  scarce 
and  studies  that  include  turbulence  are  virtually  nonexistent.  Hence  a  major  “first-step”  challenge  is 
to  design  an  experiment  aimed  at  producing  a  detailed  and  accurate  database  from  which  improved 
flowfield  understanding  and  prediction  capability  will  follow.  The  measurements  must  provide 
information  suitable  for  the  development  of  advanced  turbulence  models  and  improve  the  database 
for  engineering  design. 
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Measurement  advances  in  the  past  30  years,  such  as  Laser  diagnostics,  high-frequency  response 
Hot-Wire  Anemometry  (H\\A),  data  reduction  routines,  and  surface  measurement  equipment  allow 
for  a  more  complete  description  of  high-speed  turbulence.  Large  bandwidth  frequency  analyzers 
100  Mhz)  yield  Laser  Doppler  'Vfelocimetry  (LDV)  suitable  for  supersonic  flow.  Though  HW\  has 
been  used  in  the  past  for  high-speed  flow,  combining  LDV  and  HWA  data  with  recently  developed 
data  reduction  routines  (Bowersox  [12]  and  Bowersox  and  Buter  [9])  has  allowed  for  the  direct 
measurement  of  the  apparent  mass  flux  components  such  as,  f/v',  providing  quantitative  information 
on  the  compressible  turbulence  terms  in  high  speed  flows. 

The  advances  in  numerical  processing  power  has  allowed  DNS  of  the  Navier-Stokes  equa¬ 
tions  for  low  Reynolds  number  flows  [67].  However,  DNS  still  can  not  resolve  the  high-speed  high 
Reynolds  number  flowfield  around  individual  roughness  elements  (whether  intentionally  created 
or  naturally  generated),  so  turbulence  modeling  is  still  required.  For  this  reason,  better  insight  into 
the  physics  of  high-speed  rough  surface  boundary  layer  flow  is  required.  This  includes  informa¬ 
tion  on  the  flowfield  itself  and  boundary  conditions  such  as  surface  roughness.  Surface  roughness 
measurement,  using  a  confocal  Laser  Scanning  Microscope  (LSM),  provides  a  topographical  map 
of  surface  roughness  and  provides  statistical  information,  such  as,  mean  height,  maximum  height, 
and  standard  deviation,  all  of  which  will  be  useful  for  defining  appropriate  boundary  conditions  for 
numerical  analysis. 

1.4  Research  Objectives 

The  overall  objective  of  this  research  is  to  provide  a  complete  characterization  of  high-speed 
high  Reynolds  number  turbulent  boundary  layer  flow  over  flat  plates  of  various  smface  roughness. 
The  turbulent  characterization  will  be  used  to  better  understand  the  physics  of  the  flowfield  (in- 
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eluding  compressibility  effects)  and  provide  better  flowfield  predictability  for  both  classical  and 
numerical  methods.  The  specific  objectives  are 


•  Expand  the  experimental  database  for  high-speed  rough  surface  boundary  layers  for  both  sand- 
grain  and  machined  uniformly  distributed  surface  roughnesses.  This  database  includes  mean 
and  turbulence  data,  as  well  as,  topographical  surface  roughness  information,  all  of  which  will 
be  useful  for  the  development  and  validation  of  new  turbulence  models. 

•  Use  the  above  described  database  to  enhance  the  understanding  of  the  physics  of  high-speed 
rough  surface  boundary  layers  by  investigating  the  effect  of  surface  roughness  on  mean  flow 
quantities  (e.g.,  velocity,  Mach  number,  mass  flux,  Cf,  etc...),  turbulence  intensities,  turbulent 
shear  stresses,  and  flow  structure  size,  angles,  and  energy  spectra.  The  investigation  includes 
evaluating  the  effects  of  increasing  roughness  height  and  blockage. 


Investigate  compressibility  effects  that  arise  due  to  surface  roughness.  Specifically,  to  evaluate 
the  effect  of  surface  roughness  on  density  variations  at  the  smooth/rough  surface  interface 
and  on  turbulence  terms  containing  density  fluctuations  (e.g.,  mass  flux  turbulence  intensity, 
and  the  traverse  apparent  mass  flux,  p'v'). 


•  Evaluate  and  further  develop  algebraic  turbulence  models  [16]  for  rough-wall  boundary  layers. 
The  algebraic  models  are  the  Prandtl  mixing  length  and  Compressible  Apparent  Mass  Mixing 
Length  Extension  (CAMMLE)  turbulence  models  [10].  These  models  will  be  evaluated  based 
on  their  performance  in  predicting  both  mean  flow  quantities  (e.g.,  velocity,  density,  etc...)  and 
kinematic  Reynolds  shear  stress.  In  addition,  weaknesses  will  be  identified  and  corrections  will 
be  made.  The  CAMMLE  model  will  also  be  evaluated  based  on  its  performance  in  predicting 
compressible  turbulence. 
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•  Evaluate  and  further  develop  semi-empirical  skin  friction  and  integral  methods  for  rough-wall 
boundary  layers.  Rough-wall  incompressible  skin  friction  relations  developed  by  Schlichting 
[51]  and  White  [66],  as  well  as,  a  compressible  relation  by  Goddard  [28]  are  evaluated  and  a 
new  integral  method  of  predicting  skin  friction  is  developed  and  evaluated. 

1.5  Overview  of  Research  Method 

Complimentary  experimental  measurements,  in  three  key  areas,  were  accomplished  to  meet 
the  research  objectives  outlined  above.  The  three  areas  are  flow  visualization,  mean  flow  quanti¬ 
ties,  and  turbulent  quantities.  Color  schlieren  and  Laser  Sheet  Imaging  (LSI)  provide  averaged  and 
instantaneous  flow  visualization,  respectively.  The  color  schlieren  photographs  clearly  show  the 
nozzle  exit/surface  roughness  interface  with  compression  and  expansion  waves  generated  by  indi¬ 
vidual  roughness  elements  (see  Figures  23  through  28).  LSI  provides  an  instantaneous  boundary 
layer  image  providing  qualitative  information  of  boundary  layer  structures. 

Mean  flow  quantities  are  provided  by  Pitot,  LD^  and  HW\..  The  Pitot  probe  measurements 
give  velocity,  density,  mass  flux,  and  Mach  boundary  layer  profiles  and  can  be  used  to  determine 
the  effects  of  surface  roughness  on  velocity  defect,  wall  shear  stress,  and  skin  friction.  LDV  mea¬ 
surements  can  also  provide  velocity,  density,  mass  flux,  and  Mach  profiles,  while  for  compressible 
flows,  HW\  provides  mean  mass  flux.  Favorable  comparisons  between  Pitot  and  LDV  measure¬ 
ments  enhances  the  confidence  in  validity  of  turbulence  data  collected  using  LDV  The  density  was 
also  found  by  combining  LDV  and  HW\  data. 

Turbulent  flow  quantities  are  provided  by  LDV  cross-film  HW\,  and  frequency  resolved  HW\. 
Each  measurement  technique  provides  an  important  piece  in  the  physical  puzzle  of  rough  surface 
boundary  layer  flow.  LDV  provides  velocity  turbulence  intensities  and  kinematic  Reynolds  shear 
stress,  while  cross-film  HW\  provides  mass  flux  turbulence  intensities  and  compressible  Reynolds 
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shear  stress.  Combining  LDV  and  cross-film  HW\  will  give  a  measure  of  the  apparent  mass  flux 
and  an  indication  of  how  surface  roughness  affects  the  compressible  terms  of  the  Reynolds  shear 
stress.  Boundary  layer  flow  stracture  was  determined  using  high-frequency  HW^  with  normal-  and 
parallel-film  probes.  From  these  measurements  micro  and  integral  length  scales,  energy  spectra, 
and  flow  structure  angle  were  determined  for  each  smooth  and  rough  surface  boundary  layer. 

Six  models  were  chosen  for  this  research,  consisting  of  a  smooth  flat  plate,  two  uniformly  dis¬ 
tributed  rough  surfaces,  and  three  sand-grain  rough  surfaces.  The  smooth  flat  plate  was  used  to  com¬ 
pare  with  the  rough  surfaces  and  with  previous  smooth  plate  data  collected  by  other  researchers.  The 
uniformly  distributed  and  sand-grain  rough  surfaces  are  in  the  fully  rough  flow  regime,  and  were 
chosen  to  provide  arange  of  roughness  elements  comparable  to  that  in  literature  [28,44—46,51].  The 
two  uniformly  distributed  rough  surfaces  had  roughness  elements  consisting  of  two-dimensional 
lateral  grooves  and  three-dimensional  elements.  The  two  uniformly  distributed  roughness  surfaces 
were  designed  specifically  to  investigate  the  “effects  of  roughness  blockage.”  In  addition,  the  uni¬ 
form  roughness  distributions  are  attractive  for  future  LES  calculations.  The  sand-grain  rough  sur¬ 
faces  were  created  using  80,  36,  and  20  grit  sandpaper  spanning  a  large  range  of  roughness  heights. 
The  three  sand-grain  roughness  plates  were  chosen  to  examine  the  “effects  of  roughness  height.” 
[The  criteria  established  by  Settles  and  Dodson  [52]  guided  the  experimental  procedure  to  insure 
the  usefulness  of  the  data  to  other  researchers  (see  Table  1)]. 

In  addition  to  the  experimental  portion  of  this  research,  theoretical  and  numerical  analyses 
were  performed.  The  theoretical  analysis  consisted  of  evaluating  the  experimental  data  by  classical 
methods  and  developing  a  new  integral  method  for  the  estimation  of  skin  friction.  The  numerical 
study  consisted  of  using  a  parabolized  Navier-Stokes  solver,  which  used  two  algebraic  turbulence 
models  and  the  Rotta  model  for  surface  roughness  described  in  Cebeci  and  Chang  [16],  to  assess  a 
current  turbulence  models  for  suitability. 
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1.6  Research  Contribution 

The  first  contribution  of  this  research  is  a  more  complete  experimental  description  of  high¬ 
speed  rough-wall  turbulent  boundary  layer  flow.  This  study  provides  detailed  information  on  mean 
flow  quantities,  turbulence  quantities,  flow  stmcture  size  and  angles,  and  energy  spectra,  with  the 
goal  of  investigating  the  influence  of  roughness  height  and  blockage.  More  specifically: 

•  The  acquired  mean  flow  and  turbulence  data  allowed  for  an  assessment  of  the  effects  of 
compressibility  and  the  development  (or  validation)  of  scaling  laws.  For  example,  kinematic 
turbulent  flow  statistical  properties  (e.g. ,  kinematic  Reynolds  shear  stress  and  turbulence  kinetic 
energy)  were  found  to  scale  by  local  mean  quantities.  These  quantities  also  displayed  a 
weak  dependence  on  surface  roughness  height  and  blockage  and  are  proportional  to  ln(A:+). 
Conversely,  compressible  turbulent  flow  statistical  properties  (e.g.,  compressible  Reynolds 
shear  stress  and  traverse  apparent  mass  flux)  did  not  scale  by  local  mean  quantities,  and  had 
a  strong  linear  dependence  on  roughness  height  and  blockage.  The  streamwise  mass  flux 
turbulence  intensity  and  shear  stress  scale  reasonably  well  with  the  wall  density  and  friction 
velocity. 

•  The  flow  visualization  images  acquired  through  this  study  allowed  the  qualitative  analysis  of 
the  rough  surface  high-speed  high  Reynolds  number  boundary  layer.  The  evaluation  revealed 
that  surface  roughness  had  a  visible  effect  on  the  boundary  layer  and  freestream.  Compression 
and  expansion  waves  were  visible  and  their  magnitude  and  rate  of  occurrence  were  directly 
related  to  roughness  height  and  blockage. 

•  The  frequency  resolved  HWA  data  allowed  a  detailed  assessment  of  the  influence  of  surface 
roughness  on  boundary  layer  flow  stractures.  From  the  frequency  and  correlation  data,  surface 
roughness  was  found  to  have  a  significant  effect  on  the  flow  stmcture  size,  angles  and  energy 
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spectra.  Surface  roughness  increases  the  size  of  the  small  scale  structures  and  decreases  the  size 
of  the  laige  scale  structures.  Increasing  surface  roughness  height  increases  the  flow  structure 
angle,  with  the  largest  effect  occurring  in  the  upper  boundary  layer  region.  In  the  near  wall 
region,  surface  roughness  shifts  the  mass  flux  turbulent  power  to  larger,  lower  frequencies 
structures. 

The  second  contribution  of  this  research  is  improved  prediction  methodologies  for  high-speed 
rough- wall  turbulent  boundary  layers.  This  study  focused  on  developing  and  validating  new  integral 
methods  for  analytical  predictions,  and  improving  and  validating  algebraic  turbulence  models  for 
numerical  predictions.  More  specifically: 

•  With  the  present  empirical  data  available,  a  new  integral  prediction  method  was  developed 
and  validated  for  the  estimation  of  rough  surface  skin  friction.  The  method  utilizes  the 
momentum  thickness  at  two  streamwise  boundary  layer  locations  and  accurately  predicted  the 
skin  friction  for  a  range  of  surface  roughness  heights  and  geometries.  In  addition,  various 
existing  correlations  are  evaluated  with  this  present  data. 

•  The  Rotta  surface  roughness  model,  which  was  incorporated  into  a  parabolized  Navier-Stokes 
code,  was  evaluated.  A  key  weakness  was  identified  relating  to  the  way  in  which  the  momentum 
losses  were  estimated.  This  was  corrected  and  improved  results  were  obtained.  Overall,  the 
Prandtl  and  CAMMLE  turbulence  models  with  the  modified  Rotta  model  for  surface  roughness 
were  found  to  produce  reasonably  accurate  predictions  of  the  mean  flow  quantities  for  simple 
flat  plate  flow.  Both  the  Prandtl  and  CAMMLE  models  accurately  predict  the  kinematic 
Reynolds  shear  stress  across  the  boundary  layer  except  in  the  near  wall  region  for  rough 
surfaces.  The  CAMMLE  model  did  a  reasonable  job  of  predicting  the  compressible  Reynolds 
shear  stress  across  the  boundary  layer  for  smooth  and  rough  surfaces. 
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1.7  Overview  of  Dissertation 


This  chapter  has  provided  motivation,  objectives  and  methodology  for  this  research.  Chapters 
2  through  5  provide  more  detail  into  the  state  of  classical  and  numerical  surface  roughness  theory 
(Chapter  4  describes  the  new  integral  method  developed  as  part  of  this  study),  the  facilities  and 
apparatus,  data  reduction  methods,  and  numerical  methods  used  for  this  research.  Chapter  6  presents 
the  experimental  results  and  Chapter  7  presents  the  integral  and  numerical  results  of  this  study. 
Finally,  Chapter  8  provides  conclusions  and  recommends  for  follow  on  research. 
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Chapter  2  >  Background 

As  briefly  discussed  in  Chapter  1,  most  engineering  predictions  of  velocity  profiles  and  skin- 
friction  use  Computational  Fluid  Dynamics  (CFD)  or  semi-empirical  relations  (classical  analysis), 
respectively.  This  chapter  provides  a  more  detailed  description  of  classical  flat  plate  boundary  layer 
analysis  and  numerical  analysis  used  to  obtain  engineering  quantities  of  interest.  The  classical  analy¬ 
sis  section  covers  boundary  layer  flow  and  turbulence,  scaling  laws,  compressibility  extensions  to 
incompressible  relations,  and  surface  roughness.  The  numerical  analysis  section  covers  the  aver¬ 
aged  forms  of  the  Navier-Stokes  (N-S)  equations,  turbulence  modeling,  surface  roughness  model¬ 
ing,  and  turbulence  measurements. 

2.1  Classical  Analysis 

2.1.1  Boundary  Layers 

The  thin  flow  region  between  the  surface  and  the  freestream  of  a  wall  bounded  flow  is  where 
the  velocity  gradient  varies  very  quickly,  and  hence,  has  large  shear  stresses.  This  thin  layer,  termed 
the  boundary  layer,  as  first  suggested  by  Prandtl,  is  the  region  of  the  flow  where  all  viscous  effects 
take  place.  IWo  distinct  types  of  boundary  layer  flows  have  been  observed,  they  are  laminar  and 
turbulent.  Laminar  flows  are  characterized  by  smoothly  varying  streamlines,  parallel  (hence  lami¬ 
nar)  to  each  other  and  the  surface  boundary.  Unlike  smoothly  varying  laminar  flow,  turbulent  flows 

are  highly  irregular.  The  two  most  popular  definitions  of  turbulence  are 

“Turbulence  is  an  irregular  motion  which  in  general  makes  its  appearance  in  fluids, 
gaseous  or  liquid,  when  they  flow  past  solid  surfaces  or  even  when  neighboring  streams 
of  the  same  fluid  flow  past  or  over  one  another.”  G.  /.  Taylor  and  T.  \bn  Karman  [31] 

“Turbulent  fluid  motion  is  an  irregular  condition  of  flow  in  which  the  various  quantities 
show  a  random  variation  with  time  and  space  coordinates,  so  that  statistically  distinct  av¬ 
erage  values  can  be  discerned.”  Hinze  [31] 

Along  with  being  highly  irregular,  turbulent  flows  are  dissipative,  diffusive,  rotational,  three- 

dimensional,  and  have  a  wide  range  of  spatial  and  temporal  scales.  Turbulent  kinetic  energy  is  trans- 
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ferred  from  the  largest  eddies  and  swirls  down  to  the  smallest  in  a  cascading  fashion.  The  smallest 
eddies  and  swirls  dissipate  the  turbulent  kinetic  energy  into  heat.  The  diffusivity  of  turbulence  plays 
a  key  part  in  mixing  rates,  momentum  transfer,  and  heat  transfer.  All  of  which  are  important  in  en¬ 
gineering  applications. 

2.1.2  Scaling  Laws 

For  laminar  flows,  when  scaling  the  transverse  (or  y)  distance  and  velocity  by  the  boundary 
layer  length,  S,  and  the  edge  velocity,  Ue,  all  data  collapse  to  one  curve.  Similar  correlations  have 
been  sought  for  turbulent  flows.  The  turbulent  boundary  layer  was  found  to  have  three  distinct 
regions  of  flow.  They  are  the  laminar  sublayer,  the  inner  region,  and  the  outer  region.  Each  region 
requires  different  turbulent  length  and  velocity  scales.  Table  2  summaries  the  scales  for  the  three 
regions. 

The  inner  region  velocity  scale  is  defined  as  the  friction  velocity,  u*  =  . where  Tw  is 

y  rw 

the  wall  shear  stress  and  is  the  fluid  density  at  the  wall.  When  normalizing  the  boundary  layer 
Velocity  defect  (u  —  Ue)  by  the  friction  velocity,  all  profiles  collapse  onto  a  single  curve  for  the  outer 
region  of  the  boundary  layer.  So  the  outer  region  defect  law  is  defined  as 


In  the  inner  region,  the  normalized  variables  are 

u+  =  ^  and  =  ^  (2) 

and  the  law  of  the  wall  is 

U^=9  {y^)  (3) 

and  in  the  laminar  sublayer, 

u+  =  y+  (4) 
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For  flat  plate  turbulent  boundary  layer  flow,  the  logarithmic  region  of  the  law  of  the  wall  can 
be  written  as 

u+ =  -ln{y+)  +  B  (5) 

where  k  =  0.41  and  B  =  5.5.  In  1956,  Coles  [19]  introduced  the  law  of  the  wake  to  account  for  the 
boundary  layer  flow  in  the  outer  region.  Using  Cole’s  law  of  the  wake,  the  law  of  the  wall  becomes 

=  (6) 


with  n  =  0.51  and 


For  compressible  flow.  Van  Driest  [62]  introduced  an  effective  velocity 


“e// 


Bi 


sin 


+  sin 


Bi 


.vw 


~4Bl 


(7) 


with 


Bi  =  B2  =  ^  -  1 

where  the  recovery  factor  is  given  by,  r  =  (Pr)3  for  turbulent  flow  and  Ue  is  the  boundary  layer 
edge  velocity.  The  above  equation  essentially  maps  the  mean  velocity,  u,  from  the  compressible 
flow  regime  into  the  incompressible  regime  where  the  law  of  the  wall  becomes 

To  determine  the  compressible  flat  plate  skin  friction.  Van  Driest  [62]  used  the  velocity  profile 
given  in  Equation  (8)  and  the  Crocco-Busemann  density  profile  (see  Chapter  4)  along  with  the  zero 
pressure  gradient  momentum  integral  equation  given  by 


2  dx 


(9) 


to  obtain 


sm 


V'B|+4B? 


+  sin 


-1 


Bo. 


i/bI+4BF 


(10) 


4.15 log  (Rea^Cf 


+  1.7 
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which  is  known  as  the  Van  Driest  II  theory  for  compressible  flat  plate  skin  friction.  The  effective 
velocity  concept  and  Equations  (8)  and  (10)  are  logical  extensions  of  incompressible  flat  plate  the¬ 
ory.  For  incompressible  flow  (Me  ~  0),  Bi  and  B2  equal  zero,  so  Equation  (8)  reduces  to  the  in¬ 
compressible  law  of  the  wall  and  Equation  (10)  reduces  to  the  Karman-Schoenherr  incompressible 
relation  [66]  given  by 


1 

Wf 


^  4.15log{Re^Cf)  + 1.7 


(11) 


2.1.3  Surface  Roughness 

Surface  roughness  increases  skin  friction,  convective  heat  transfer,  and  mass  transfer;  and 
greatly  speeds  up  the  transition  from  laminar  to  turbulent  flow.  Surface  roughness  has  a  direct  affect 


on  the  inner  region  and  is  typically  described  by  a  single  parameter 

ku* 


k'^  = 


V 


(12) 


where  k  is  the  roughness  height.  A  study  of  sand-grain  roughness  effects  on  water  flow  through 
pipes  was  undertaken  by  Nikuradse  [44].  Sand-grain  particles  of  various  sizes  were  glued  with 
maximum  density  to  the  inside  of  pipes  to  measure  the  effects  of  roughness  on  the  coefficient  of 
resistance,  A.  The  sand-grain  roughness  increased  the  velocity  defect  and  skin  friction,  increasing 

the  friction  velocity,  u*,  and  shifting  Equation  (5)  downward  giving 

,  1 ,  ,  „  AU  fku*\ 

„+  =  -ln(j,+)  +  B-  — (— j  (13) 

where  ^  is  the  amount  of  downward  shift  and  is  a  function  of  the  roughness  Reynolds  number, 

A:+.  Through  experimentation,  three  regimes  of  roughness  have  been  identified  for  low-speed  flows 

and  are  given  by 


Aerodynamically  smooth  regime:  fc"*"  <  4, 

Transitional-roughness  regime:  4  <  <  60, 

Fully-rough  regime:  k'^  >  60. 

For  the  aerodynamically  smooth  regime,  all  of  the  roughness  elements  are  contained  in  the 


laminar  sublayer  and  do  not  affect  the  boundary  layer  flow.  As  the  roughness  height  increases,  the 
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boundary  layer  is  increasingly  influenced  until  the  roughness  height  reaches  the  fully-rough  regime 
which  was  the  focus  of  this  research.  Subsequent  work  was  performed  by  Schlichting  [51]  on 
fully-developed  channel  flow  with  uniformly  distributed  roughness  elements  consisting  of  spheres, 
spherical  segments, cones,  and  “short”  angles.  To  relate  his  work  to  Nikuradse’s  extensive  sand- 
grain  roughness  data,  Schlichting  introduced  the  concept  of  equivalent  sand-grain  roughness,  kg. 
The  equivalent  sand-grain  roughness  is  defined  to  correlate  any  surface  roughness  to  the  equivalent 
Nikuradse  sand-grain  roughness  for  comparison.  For  fully  rough  flow  ^  has  the  form 


U*  K  \  V  j 


(14) 


Combining  Equations  (13)  and  (14)  gives  the  fully  rough  law  of  the  wall  as 


Nikuradse  found 


“■"  =  iwf)  +  8-5 

rv  Ixig 


Combining  the  above  two  equations  gives 


-ln(^)  =  8.5-T> 
K  k 


(15) 


(16) 


(17) 


By  determining  the  intercept,  D,  from  experimental  data  and  using  the  above  equation,  any  rough¬ 
ness  can  be  correlated  to  an  equivalent  sand-grain  roughness. 

For  incompressible  fully-rough,  flow  Schlichting  [51]  provides  the  following  relation  for  skin 


friction  with  roughness  based  on  the  equivalent  sand-grain  roughness 

1-2.5 


Cf  = 


2.87 +  1.58  log  (  — 

/bo 


X 


and  White  [66]  provides 


for 

X  ^  1000  • 


Cf  = 


1.4 +  3.7  log  (  — 

fVQ 


X 


(18) 


(19) 
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The  equivalent  sand-grain  roughness  concept  has  two  main  areas  of  concern.  The  first  is  the 
need  for  experimental  measurements  to  determine  kg  for  each  unique  distribution  of  roughness. 
The  second  is  that  the  singular  kg  roughness  height  value  does  not  include  roughness  geometry  or 
spacing.  Several  researchers  have  presented  correlations  to  include  roughness  geometry  and  spacing 
into  velocity  profile  and  skin  friction  predictions. 

Bettermann  and  Dvorak  (extracted  from  [53])  introduced  a  roughness  density  parameter,  A  = 
for  two-dimensional  roughness  elements  where  L  is  the  spacing  between  the  elements  and  S  is 
the  length  of  the  elements.  The  rough  wall  skin  friction  relation  can  be  found  using  the  relation 
developed  by  Clauser  [18] 


with 


AU  , ,  fku* 
—  =Alog  - 

u*  \  u 


+  C 


(21) 


(7  is  a  function  of  the  density  parameter  and  is  given  by 

17.35(1.6251ogA-l) 
-5.95  (1.103  log  A -1) 


C(A) 


A  <  4.68 
A  >  4.68 


Dirling  [23]  has  also  developed  an  equivalent  roughness  correlation  for  computing  rough  wall 
heat  transfer  rates  on  reentry  nosetips  based  on  a  roughness  geometry/spacing  parameter  and  is  given 
by 


A  =  ^ 


d 


(23) 


k\Ap) 

where  d  is  the  spacing  between  roughness  elements;  k  is  the  roughness  height;  A^g  is  the  total  wind¬ 
ward  surface  area  of  the  elements,  and  Ap  is  the  projected  windward  surface  area  of  the  elements. 


The  correlation  between  kg  and  A  is  given  by 


k 


0.0164A3  '^®  a  <4.93 
139A-^  ®  A  >  4.93 
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Goddard  [28]  investigated  the  influence  of  compressibility  on  the  effects  of  sand-grain  surface 
roughness  boundary  layer  flows  over  a  body  of  revolution.  Goddard  measured  skin  friction  drag  for 
a  range  of  Mach  numbers  from  1 .98  to  4.54  and  sand-grain  rms  roughness  heights  of  0  to  0.0390  inch. 
Goddard  [28]  found  “ . . .  that  the  entire  compressibility  elfect  is  a  reduction  of  the  fluid  density  at  the 
surface  as  the  Mach  Number  increases”  and  that  the  shift  in  the  velocity  profile,  is  a  function 
of  the  roughness  Reynolds  number,  k'^  =  and  follows  the  same  law  as  the  incompressible 
case  when  using  the  Van  Driest  [61]  compressibility  transformation.  In  addition,  Goddard  found  the 
incompressible  -  compressible  skin  friction  ratio  to  be  equal  to  the  adiabatic  wall  density  relation, 
that  is 

£l=£:!!L  —  ^  (25) 

Cf,  p 

The  skin  friction  for  compressible  flow  over  rough  surfaces  can  be  estimated  using  Equation  (18) 
or  (19)  along  with  the  above  equation  if  the  equivalent  sand-grain  roughness  is  known. 

2.2  Numerical  Methods 

The  governing  equations  for  Newtonian  fluid  flow  are  derived  (for  derivations  see  White  [66]) 
from  three  laws  of  conservation:  continuity,  Newton’s  second  law  (momentum),  and  the  P*  law  of 
thermodynamics  (energy).  For  a  Newtonian  fluid,  with  Stokes  hypothesis  (A  -t-  =  0),  the  three 

momentum  equations  (one  for  each  independent  coordinate)  are  termed  the  Navier-Stokes  (N-S) 
equations  (shown  in  integral  form  in  Chapter  5).  However,  it  is  common  practice,  when  referring 
to  the  “Navier-Stokes  equations”,  to  include  the  continuity  and  energy  equations  as  well.  For  the 
remainder  of  this  study,  the  meaning  of  “Navier-Stokes  equations”  will  follow  convention. 

The  N-S  equations  have  been  around  a  very  long  time  (1845)  and  because  of  their  nonlinear 
nature,  are  exceedingly  difficult  to  solve  (analytically  or  numerically).  Various  simplifying  assump¬ 
tions  for  specific  flow  fields  have  been  developed  (e.g.,  inviscid,  adiabatic,  laminar,  boundary  layer 
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flow)  to  provide  more  tractable  analytical  and  numerical  solutions.  Recently,  full  N-S  CFD  solu¬ 
tions  became  possible  with  the  advent  of  vector  and  parallel  processing  supercomputers.  However, 
as  discussed  in  Chapter  1,  the  required  temporal  and  spatial  grid  resolution  prohibit  the  simulation 
of  turbulent  flows,  hence  scientists  and  engineers  are  forced  to  rely  on  approximate  statistically  av¬ 
eraged  forms  of  the  N-S  equations. 

2,2.1  Reynolds-Averaged  Navier-Stokes  Equations 

The  Reynolds- Averaged  N-S  (RANS)  equations  are  derived  (Reference  [17])  by  replacing  the 
turbulent,  random,  three-dimensional,  unsteady  flow  variables  (e.g.,  u,  v,  p)  by  a  mean  plus  a  fluc¬ 
tuating  component,  such  as 

(26) 

where  the  arbitrary  mean  flow  variable,  $i,  is  defined  as 

-  1  /•*+^ 

y  y  ^i{xj,T)dT  (27) 

and 


Ti  <  r  <  r2 

with  Ti  as  the  time  scale  of  the  fluctuating  component  and  r2  as  the  time  scale  of  the  mean  flow 
variations.  Using  —  $i,  it  is  easily  shown  that  the  time-average  of  the  fluctuating  term 

is  zero  (note:  averaged  2"^  order  fluctuating  terms  are  not  identically  zero,  ^  0).  The  com¬ 
pressible  RANS  equations,  as  given  in  Bowersox  [14],  are 


19 


(30) 


gf  =  pu'jh'g  +  hop'u[  +  uip'h'^  +  pu\h'o  (35) 

In  Equation  (28),  f/u'^  is  referred  to  as  the  apparent,  or  compressible,  mass.  The  components  of 
the  compressible  Reynolds  shear  stress  tensor,  r^,  are  given  by  Equation  (34).  In  this  expression, 
the  first  term  is  referred  to  as  the  kinematic  turbulent  shear  stress  (r^-  =  —pu[u'-)  and  the  other 
three  terms  arise  due  to  density  fluctuations.  The  components  of  the  compressible  turbulence  heat 
transfer,  are  given  by  Equation  (35).  Again,  the  first  term  in  the  expression  is  the  kinematic 
turbulence  heat  transfer  (qf  =  pu'^h!^)  and  the  other  three  terms  are  the  compressible  turbulence 
heat  transfer.  Also  appearing  in  the  Reynolds-averaged  energy  equation  is  an  apparent  unsteady 
term, 
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2.2.2  Favre-Averaged  Navier-Stokes  Equations 

The  Favre-Averaged  N-S  (FANS)  equations  are  derived  (Reference  [17]  or  [67])  by  replacing 
some  of  the  turbulent,  random,  three-dimensional,  unsteady  flow  variables  by  a  mass-averaged 
mean  plus  a  fluctuating  component. 

=  (36) 


In  this  decomposition  the  mean  flow  is  defined  as 


{xj,T)dT 


^i  = 


or 


p# 


and 


(37) 


(38) 


Ti  <  r  <  T2 

with  Ti  as  the  time  scale  of  the  fluctuating  component  and  T2  as  the  time  scale  of  the  mean  flow 
variations.  It  is  important  to  note,  for  Favre-averaging,$"  ^  0. 

The  compressible  N-S  equations  are  averaged  using  a  combination  of  Favre  and  Re5molds- 
averaged  flow  properties,  which  are  decomposed  as  follows: 

Ui  =  Ui  +  u"  e  =  e  +  e" 

P  =  P  +  p'  p  =  p  +  p' 

Tij  =  Tij  -F  T'ij  qi  =  qi  +  ^i 


h  =  h  +  h" 

The  compressible  FANS  equations,  as  given  in  Bowersox  [14],  are 


dp  djpuj) 

dt  dxj 


=  0 


(39) 


djpuj)  djpuiUj)  ^  d  (rjj  -|- 

dt  dxj  dxi  dxj 
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(41) 


djpeo) 

dt 


+  ■ 


d  ( UiTij  +  u"Tij  -  Qa  + 


)_ 


dxj 


dxi 


=  0 


where 


Tij  =  P 


dui  duj 
dxj  dxi 


-  -6iA 


duk 


+  P 


3  ^  dxk 


Tij  =  -pu'fu'f 


'du!  du'.\  2  dul 
dxj  dxi  )  3  dxk 


qfj  =  pu'jh'l 


(42) 

(43) 

(44) 


In  Equation  (42),  rfj  is  the  Favre-averaged  Reynolds  shear  stress,  but  is  usually  referred  to  as 
the  Reynolds  shear  stress  tensor.  In  Equation  (41),  Eq  is  the  Favre-averaged  total  energy  and  ho  is 
the  Favre-averaged  specific  total  enthalpy. 

Favre-averaging  transforms  the  compressible  N-S  equations  into  a  form  similar  to  the  incom¬ 
pressible  N-S  equations.  The  apparent  mass  term  is  no  longer  present  in  the  continuity  equation  and 
both  the  turbulent  shear  stress  and  heat  transfer  terms  have  only  one  component.  For  these  reasons, 
most  compressible  computational  models  are  based  on  Favre-averaged  extensions  of  previously  de¬ 
veloped  incompressible  codes. 


2.2.3  Relating  Reynolds  and  Favre  Averaged  Equations 

Setting  Equations  (26)  and  (36)  equal  to  each  other,  the  Reynolds-averaged  fluctuating  term 
can  be  expressed  as 

$'  =  $  +  $"-#  (45) 


then  time-averaging  the  above  equation  gives 

$  =  -l^  +  ¥  (46) 

and  finally  the  Reynolds-averaged  fluctuating  component  can  be  expressed  as 

=  ^"  -W  (47) 
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Similarly,  order  fluctuating  components  can  be  related  by 

'/  T  Ti  77  77  “7r  ”77  77  .  77^ //  77^77^ 

u  V  =  U  V  —u  V  —V  U  +U  V  =U  V  —u  V 

It  was  previously  stated  that  the  Favre  fluctuation  term,  is  not  equal  to  zero,  this  can  be  shown 

by  starting  with  Equation  (46) 

=  1  -  $  (49) 


and  substituting  in  Equation  (38)  to  give 

P 

after  expanding  and  time-averaging 


(p  +  p')(¥-h$') 


1  ^ 


finally 


—  p'$'. 

0 

*  P 


(50) 


(51) 


(52) 


To  relate  the  Favre-averaged  turbulent  shear  stress  in  Reynolds  fluctuating  components,  start 
with  Equation  (48) 


_  t  t  ^  n  n  _  //  // 

pu  V  =  pu  V  —  pu  V 


(53) 


or 


P  _  //  //  _  /  /  —  n  n 

=  —pu  V  =  —pu  V  —  pu  V 


(54) 


and  substitute  in  Equation  (52)  to  give 


(55) 


assuming  the  fourth-order  fluctuating  term,  p 


p'u'f  p'v[ 

P  P 


,  is  negligible  gives 


P'  —  If  tt  ^  t  t  'j* 

Tlj  =  —pu  V  —pu  V  =  Tij 


(56) 


SO,  to  3^^  order,  the  Favre-averaged  turbulent  shear  stress  is  equal  to  the  kinematic  Reynolds  shear 
stress. 
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2.2.4  Hirbulence  Modeling  and  Closure 

Due  to  the  nonlinearity  of  the  N-S  equations,  the  use  of  Reynolds  or  Favre-averaging  intro¬ 
duces  additional  unknowns  into  the  problem  as  seen  by  the  apparent  mass  flux,  Reynolds  shear 
stress,  and  turbulent  heat  flux  in  Equations  (28),  (34),  and  (35),  respectively.  Transport  equations 
for  these  additional  terms  can  be  generated  by  taking  moments  of  the  N-S  equations,  generating  ad¬ 
ditional  higher  order  unknowns.  Additional  equations  have  to  be  developed  to  provide  closure  of 
the  problem.  TUrbulence  modeling  provides  equations  for  the  unknown  correlations;  hopefully,  by 
using  insight  into  the  underlying  physics. 

Two  of  the  most  common  algebraic  turbulence  models  are  the  eddy  viscosity  and  mixing-length 
models.  The  eddy  viscosity  model  uses  the  Boussinesq  approximation  and  makes  the  kinematic 
Reynolds  shear  stress  analogous  to  molecular  shear,  i.e. 


rfj  =  -pu'v'  =  Hr 


dy 


(57) 


where  is  the  eddy  viscosity  and  has  the  same  dimensions  as  /x  ,  but  is  not  a  fluid  property  and 
varies  with  geometry  and  flow  conditions.  The  Prandtl  mixing-length  model,  as  presented  in  White 
[66],  relates  turbulent  shear  to  a  length  scale  and  velocity  gradient. 


-  u'v'  ?a  (const)  u  v  «  (const)  h—  ^ 


du 


du 


dy)  \  dy 


du\  fdu 


dy)  \dy 


(58) 


where  Im  is  called  the  mixing  length.  The  two  models  become  equivalent  if  the  eddy  viscosity  is 

\du 


Mr  — 


dy 


(59) 


The  formulations  for  the  mixing  length  across  the  boundary  layer  are  given  by  [66] 


where  k  «  0.4  —  0.41. 


ny 
0.09(5 


Ira  <  0.096 
Im  >  0.096 


(60) 
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Bowersox  and  Schetz  [13]  have  extended  the  mixing  length  formulation  to  account  for  com¬ 
pressibility  for  the  Reynolds-averaged  N-S  equations,  giving 

dy  dy  S 

q->  du  _  rp  /✓"|\ 

=  (61) 

rp  dT  _  du-z —  j' 

Qj  =-kT-^-u^iT^homj 

with  kx  =  ixtCp/Pvt-  For  adiabatic  wall  boundary  layers,  the  Situ  number,  S  =  1.0  (Bowersox 

[12]). 

2.2.5  Surface  Roughness  Modeling 

Three  methods  of  adding  surface  roughness  to  current  numerical  methods  are  covered  in  this 
section.  The  three  methods  are  a  velocity  shift  parameter,  the  discrete  element  approach,  and  the 
specific  dissipation  rate  surface  boundary  condition  for  the  iiC  —  a;  turbulence  models.  The  first 
method  (and  the  method  used  in  this  research)  involves  a  roughness  model  first  suggested  by  Rotta 
[16].  Rotta  noted  the  velocity  profiles  of  smooth  and  rough  wall  boundary  layer  flows  were  similar 
if  the  coordinates  of  the  rough  walls  were  displaced.  Adding  an  additional  Ay  to  the  mixing  length 
inner  region  term  is  a  simple  way  to  account  for  the  velocity  profile  displacement.  Using  Rotta’s 
model  the  new  inner  region  mixing  length  becomes 

lTn  =  K{y  +  Ay)  1  -  (62) 

with  Ay  given  by 

Ay  =  0.9  ^/^  -  A:+ e~^  (63) 

which  is  valid  for  an  equivalent  sand-grain  roughness  range  from  4.535  <  <  2000. 
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The  discrete  element  approach  as  used  by  Taylor,  Coleman  and  Hodge  [59]  consists  of  adding  a 
blockage  and  drag  term  to  the  momentum  equation.  The  momentum  equation  with  uniform  rough¬ 
ness  elements  consisting  of  distributed  hemispheres  and  cones  is  given  as 


/i  d 
R-ydy 


{{R  -  y) 


fit  --  Inr 

^^dx  2^  ^{R-y)LyR 


(64) 


where  the  blockage,  Py  =  l-  and  d  (y)  are  determined  from  roughness  element 

geometry.  The  coefficient  of  drag,  Cd,  is  found  by  the  correlation  (based  on  corrected  Schlichting 


^  f  (SO/A:^  ,  fct  <  25 

^  \  m/k+,  >  25  to  400 

where  is  the  average  height  of  sand-grain  roughness  elements  based  on  data  by  Nikuradse  [44]. 

All  three  methods  outlined  above  were  developed  for  incompressible  flow  and  require  some 
information  from  experimentation,  either  in  determining  the  roughness  Reynolds  number,  kf  and 
or  in  the  coefficient  of  drag.  Of  the  three  methods,  only  the  discrete  element  approach  attempts 
to  incorporate  explicit  blockage  and  drag  effects. 
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2.3  Experimental  Tiirbulence  Measurements 

Turbulence  quantities  can  be  measured  using  LDV  and  H\\^.  LDV  provides  the  mean  ve¬ 
locities,  ui,  the  velocity  turbulence  intensity  and  the  velocity  cross-correlation,  which 
are  Reynolds-averaged  quantities.  LDV  also  provides  the  third  and  fourth  order  velocity  moments 
given  by 

Sunweighted  =  uf  =  '  (^8) 

and 


Funweighted  —  —  (T^iV 


(69) 


where  S  is  the  skewness,  F  is  the  flatness,  N  is  the  number  of  samples,  and  a  =  Through 

the  use  of  Equation  (55),  the  Favre  velocity  fluctuation  correlations  can  be  found. 

Hot-Wire  Anemometry  (HWA)  provides  mean  mass  flux,  pui,  the  mean  total  temperature,  T(, 
the  mass  flux  turbulence  intensities,  and  the  mass  flux  shear  stress  (pui)'  (puj)'  corre¬ 

lations.  Bowersox  [12]  has  shown  that  a  combined  analysis  using  LDV  and  cross-wire  data  can 
provide  direct  measurement  of  the  compressible  Reynolds  shear  stress  (Equation  (34)),  the  mean 
transverse  Favre  velocity  fluctuation,  the  Reynolds  and  Favre-averaged  turbulent  heat  flux,  and  the 
mean  density.  The  compressible  Reynolds  shear  stress  can  be  related  to  cross-wire  measurements 


using 


R  _  (pUj)  (pUj)'  ,  pf 


r- .  =  — 


+  pUiUi  (  z= 


(70) 


The  first  term  on  the  right-hand  side  of  the  above  equation  is  directly  measurable  by  cross-wire 
anemometry  and  for  thin  boundary  layer  flows  the  second  term  is  usually  much  smaller  than  the 
first,  so  the  compressible  Reynolds  shear  stress  can  be  directly  measured.  The  mean  transverse 
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Favre  velocity  fluctuation  can  be  measured  using 


v"  p'v'  u'v'  (pu)'  (pv) 
U  ^ 


2.4  Summary  of  Chapter 

In  summary,  classical  analysis,  numerical  methods,  and  experimental  turbulence  measurements 
were  reviewed.  From  classical  analysis,  the  turbulent  boundary  layer  has  three  distinct  regions;  the 
inner  and  outer  regions,  and  the  laminar  sublayer,  each  with  appropriate  scaling  lengths  and  veloc¬ 
ities.  The  inner  and  outer  regions  are  characterized  by  the  law  of  the  wall  and  defect  law,  respec¬ 
tively.  Surface  roughness  has  a  direct  affect  on  the  laminar  sublayer  and  inner  region  and  is  charac¬ 
terized  by  three  roughness  regimes.  They  are  the  aerodynamically  smooth,  transitional-roughness, 
and  fully-rough  regimes.  For  fiilly-rough  surfaces  the  law  of  the  wall  is  shifted  downward  and  is  a 
function  of  y/k  only.  Traditionally,  the  roughness  is  described  by  a  single  parameter,  k.  To  compare 
sand-grain  surface  roughness  with  uniformly  distributed  roughness  elements,  Schlichting  defined 
the  equivalent  sand-grain  roughness,  kg. 

Numerical  methods  are  based  on  the  N-S  equations,  derived  from  the  conservation  of  con¬ 
tinuity,  momentum,  and  energy.  The  N-S  equations  govern  all  Newtonian  fluid  flows,  including 
turbulent  boundary  layers.  The  non-linearity  of  the  N-S  equations  combined  with  the  nature  of  tur¬ 
bulent  flows,  leads  to  the  statistical  averaging  of  the  N-S  equations  to  provide  useful  solutions.  Two 
forms  of  averaging  are  the  time-averaged  RANS  equations  and  the  mass-weighted,  time-averaged 
FANS  equations.  By  averaging  the  N-S  equations,  the  RANS  and  FANS  introduce  additional  cross¬ 
correlation  terms  which  must  be  modeled.  Algebraic  models  are  the  easiest  to  implement  and  nu¬ 
merically  process.  The  algebraic  models  were  originally  developed  for  incompressible  flow  and 
have  only  recently  been  extended  for  compressible  flows. 
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Finally,  measurement  techniques  such  as,  LDV  and  HW\,  provide  direct  measurement  of  tur¬ 
bulent  quantities.  LDV  provides  fluctuating  velocity  quantities  and  HW\.  provides  fluctuation  mass 
flux  quantities.  Through  the  combined  use  of  LDV  and  MOH-HW\  measurements,  all  turbulence 
terms  appearing  in  either  the  Reynolds-  or  Favre-averaged  N-S  equations  can  be  measured. 


29 


Chapters  -  Facilities  and  Apparatus 

This  chapter  discusses  the  facilities  and  equipment  used  to  complete  this  research.  It  covers 
three  main  areas,  the  Mach  2.9  wind  tunnel,  measurement  equipment,  and  computational  facilities. 
Included  in  the  Mach  2.9  wind  tunnel  section  are  descriptions  of  the  high-pressure  air  supply,  vac¬ 
uum  system,  plenum,  nozzle,  and  test  sections.  The  measurement  equipment  section  presents  the 
flow  visualization,  pressure.  Laser  Doppler  \felocimetry  (LDV),  and  Hot-Wire  Anemometry  (HWA) 
apparatus.  Finally,  the  computational  facilities  section  covers  the  computer  hardware  and  software 
used  to  process  this  research. 

3.1  Wind  'hinnel  Facilities 

The  experiments  were  performed  in  the  Air  Force  Institute  of  Technology  Mach  2.9  wind  tun¬ 
nel.  The  Mach  2.9  wind  tunnel  was  an  intermittent  blowdown/evacuation  tunnel  with  a  ran  time 
of  approximately  25  seconds  and  an  evacuation  time  of  six  minutes.  A  schematic  of  the  upstream 
high-pressure  air  supply,  valving,  plenum  chamber,  test  section,  and  downstream  evacuation  system 
are  shown  in  Figure  1 . 

3.1.1  High-Pressure  Air  Supply 

The  high-pressure  air  supply  used  by  the  Mach  2.9  wind  tunnel  consists  of  two  Atlas  Copoco 
GAU  807  air  compressor  with  a  nominal  pressure  of  0.69  MPa  and  a  flow  rate  of  0.5  kg/sec.  The 
high-pressure  air  was  dried  by  two  Pioneer,  Model  R500A  Refrigerant  Air  Dryers  before  entering 
the  air-supply  system.  Two  air  filtering  systems  were  used  prior  to  the  high-pressure  air  reaching 
the  plenum  chamber.  The  first  filter  consisted  of  a  centrifugal  moisture  and  particle  separator.  The 
second  filter  was  a  Pneumatic  Products  Corp.,  PCC  1200AF,  0.9  micron  particulate  filter. 
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3.1.2  \hcuuin  System 

The  downstream  evacuation  system  for  the  Mach  2.9  wind  tunnel  consisted  of  a  16.0  cubic 
meter  vacuum  tank  farm  and  a  Stokes  Model  412  MBX  two  stage  mechanical  vacuum  pump.  The 
vacuum  pump  consisted  of  a  4 1 2- 1 1  microvac  pump  in  series  with  a  dry  lobe  blower  rated  at  1 89  and 
91  cubic  meters  per  minute,  respectively.  The  vacuum  pump  evacuated  the  tank  farm  to  a  pressure 
of  5  mm  Hg  in  approximately  six  minutes. 

3.1.3  Plenum  Chamber 

The  plenum  chamber  total  conditions  were  monitored  by  an  Endevco  Model  85  IOC- 100, 0.69 
MPa  (0-100  psi  ±0.5%)  pressure  transducer  connected  to  an  ENDEVCO  Model  4428A  Conditioner 
and  an  Omega  Engineering  type  K  thermocouple  connected  to  an  Omega  DP41-TC  High  Perfor¬ 
mance  Temperature  Indicator.  The  pressure  transducer/conditioner  had  a  gain  error  of  ±0.5%  and  a 
gain  stability  of  ±0.2%.  The  type  K  themocouple/indicator  had  an  accuracy  of  ±1K.  The  Pitot  (to¬ 
tal)  pressure  and  total  temperature  conditions  were  measured  downstream  of  the  flow  straighteners 
and  upstream  of  the  convergent-divergent  nozzle.  The  operating  conditions  for  each  measurement 
are  shown  in  Table  5.  The  plenum  chamber  stagnation  pressure  was  manually  controlled  by  a  Leslie 
brand  dome  regulator. 

3.1.4  Mach  2.9  Nozzle 

The  plenum  chamber  high-pressure  air  was  accelerated  by  a  convergent-divergent  half  nozzle 
with  a  length  of  27  cm  and  an  exit  cross-section  of  6.35  by  6.35  cm.  The  nozzle  exit  Mach  number 
and  freestream  turbulence  were  measured  by  Huffman  [32].  The  Mach  number  was  found  to  be 
Mach  2.9  ±1.8%  with  a  freestream  turbulence  of  0.8%  and  a  standard  deviation  of  0.2%. 
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3.1.5  Wind  Dinnel  Operation 

Once  the  dome  regulator  was  adjusted  for  a  given  plenum  stagnation  pressure,  the  vacuum 
tank  farm  was  evacuated.  A  Kinney  Corporation  GP-8  gate  value  was  actuated,  which  opened  the 
vacuum  tank  farm  to  the  test  section.  After  the  test  section  evacuation,  a  El-O-Matic  ball  value 
was  opened  which  provided  high-pressure  air  to  the  plenum  chamber.  The  tunnel  flow  required 
approximately  5  seconds  to  stabilize  and  provided  a  run  time  of  25  seconds.  To  shut  down  the  wind 
tunnel,  the  reverse  order  of  the  above  process  was  followed.  First,  the  high-pressure  air  was  closed 
and  then  the  vacuum  tank  farm  was  shut.  A  blowoff  value  was  provided  to  vent  high-pressure  air 
to  the  atmosphere  if  the  air  was  inadvertently  supplied  without  the  evacuation  system  being  open. 

3.1.6  Thst  Section 

The  tunnel  test  section  had  a  constant  cross-section  of  6.35  by  6.35  cm  and  consisted  of  inter¬ 
changeable  modular  test  sections  of  33.02  or  66.04  cm  in  length.  For  this  research,  the  test  section 
length  was  66.04  cm  with  the  measurement  location  at  53.98  cm  downstream  of  the  nozzle  exit. 
Color  schlieren  photographs  were  also  taken  5.035  cm  from  the  nozzle  exit  to  provide  qualitative 
information  on  the  nozzle  exit/rough  surface  interface. 

For  measurements  requiring  optical  quality  tunnel  access  (i.e.,  color  schlieren,  laser  sheet  imag¬ 
ing,  and  LDV),  two  piece  modular  side  walls  with  one  section  consisting  of  plexiglass  and  the  other 
of  aluminum  with  two  7.62  cm  diameter,  1.27  cm  thick  optical  quality  glass  widows  from  Oriel 
Corporation  were  used.  A  schematic  of  the  aluminum  side  wall  with  the  placement  of  the  optical 
widows  is  shown  in  Figure  2.  For  other  measurements,  the  side  walls  consisted  of  a  single  piece  of 
plexiglass  62.23  cm  in  length. 

Six  different  floor  sections  were  used  during  testing  with  each  section  having  a  different  surface 
roughness  (a  photograph  of  the  six  floor  sections  is  shown  in  Figure  3).  The  six  floor  sections  were 
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66.04  by  6.35  by  1.91  cm  and  consisted  of  a  smooth  plate,  two-dimensional  and  three-dimensional 
machined  roughnesses,  and  sandpaper  roughnesses  of 20, 36,  and  80  grit.  The  alunoinum  plates  were 
machined  on  a  Bridgeport  EZ  TRACK  SX  Computer  Numerical  Control  (CNC)  milling  machine 
with  an  accuracy  of  ±0.0254  mm  (±  over  a  304.8  mm  (12  inch)  movement.  Each  plate 

was  aligned  so  the  tops  of  the  roughness  elements  were  level  with  the  nozzle  exit.  The  following 
section  provides  more  detailed  information  on  the  surface  roughnesses. 

3.1.7  Surface  Roughness 

3.1.7.1  Machined  Sutfaces 

The  three  machined  surfaces  were  the  smooth  plate  and  the  two-dimensional  and  three-dimen 
sional  roughness  plates.  The  smooth  plate  was  not  polished  to  represent  typical  surface  roughness 
tolerance  for  machined  aluminum.  The  topography  of  the  smooth  plate  is  shown  in  Figure  4.  The 
two-dimensional  (2D)  roughness  plate  was  machined  using  a  1.626  mm  inch)  end  mill,  cut¬ 
ting  lateral  grooves  to  a  width  and  depth  of  0.559  mm  inch)  and  a  wavelength.  A,  of  2.184 
mm  inch) .  The  three-dimensional  (3D)  roughness  plate  was  machined  identically  to  the  2D 
plate,  but  with  grooves  cut  in  the  longitudinal  direction  as  well.  Schematics  of  the  2D  and  3D  plates 
are  shown  in  Figures  5  and  6,  respectively. 

3.1.7. 2  Sandpaper  Surfaces 

The  three  sand-grain  roughnesses  were  generated  by  gluing  Varathane  Brand  80,  36,  and  20 
grit  flooring  sandpaper  to  the  top  surface  of  three  aluminum  flat  plates.  Representative  topography 
for  each  sandpaper  surface  is  shown  in  Figures  7,  8,  and  9.  The  heights  of  the  sand-grains  were  not 
measured  prior  to  being  glued  to  the  sandpaper  surface  and  may  not  be  assumed  to  be  of  maximum 
density.  For  this  reason,  the  roughness  heights  of  the  sandpaper  used  here  should  not  be  expected  to 
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correspond  directly  to  Nikuradse  sand-grain  roughness.  Instead,  direct  measurements  of  the  rough¬ 
ness  topology  were  made  as  described  in  the  next  section. 

3.1.7. 3  Surface  Roughness  Measurement 

The  six  floor  section  roughnesses  were  measured  using  a  Carl  Zeiss  LSM  320  Confocal  Laser 
Scan  Microscope  (LSM)  with  a  5  mW(  633  nm  Helium-Neon  laser.  The  system  consisted  of  a  LSM 
base  system  with  laser,  a  14  inch  control  monitor,  16  inch  picture  monitor,  an  electronics  cabinet 
and  a  control  PC.  The  control  PC  ran  the  LSM  3  Software  and  Microsoft  Windows  3.1  operating 
system.  Each  plate  was  scanned  at  three  locations  and  the  LSM  was  used  to  determine  the  mean, 
maximum  and  standard  deviation  of  the  surface  roughness.  Table  3  lists  each  plate  and  its  associated 
roughness  statistics. 

3.2  Measurement  Apparatus 

3.2.1  Laser  Doppler  Velocimetry 

A  DANTEC  brand  57N  Enhanced  BSA  three  component  laser  Doppler  anemometer  system 
consisting  of  Laser  optics,  data  acquisition  equipment,  a  traverse,  and  seeding  apparatus  is  described 
in  detail  in  the  following  subsections. 

3. 2. 1.1  Laser  Optics 

The  Laser  optic  system  consists  of  an  Argon-Ion  Laser,  a  transmitter,  the  transmitting  optics, 
the  receiving  optics,  and  the  photomultiplier  (PM)  tubes.  Below  is  a  description  of  each  component. 

The  Laser  was  a  Model  5500A-00  Argon-ion  laser  from  Ion  Laser  Technology  and  was  pow¬ 
ered  by  a  Ion  Technology  Model  5405A  power  supply.  The  Laser  had  a  maximum  (rated)  output 
of  300  mW  and  was  designed  to  operate  in  TEMoo  with  a  beam  centered  around  the  optical  axis 
and  maximum  power  at  the  center.  The  ^  beam  diameter  was  0.82  mm  and  the  three  beams  have 
wavelengths  of  514.5  nm  (green),  488  nm  (blue)  and  476.5  nm  (violet).  Only  the  two  highest  pow- 
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ered  beams  were  used  for  the  two  axis  measurements.  The  green  and  blue  laser  beams  were  used  to 
measure  flow  along  the  x-y  plane  at  the  downstream  test  location.  The  Laser  power  was  sent  to  the 
transmitting  optics  through  a  FiberFlow  60X41  transmitter. 

The  DANTEC  FiberFlow  60X41  transmitter  split  the  Laser  into  three  wavelengths:  green, 
blue,  and  violet,  each  of  these  beams  were  then  split  for  a  total  of  six  beams.  One  beam  of  each  of 
the  three  wavelengths  was  frequency  shifted  40  Mhz  by  a  Bragg  cell  to  provide  a  shifting  optical 
fringe  pattern  when  the  two  beams  from  each  wavelength  were  crossed  at  the  measurement  point. 
This  removes  the  directional  ambiguity  associated  with  a  stationary  fringe  pattern.  Six  DANTEC 
60X24  fiber  manipulators  were  used  to  connect  the  fiber  optic  cables  to  the  transmitter.  The  fiber 
manipulators  allow  the  fiber  optical  cables  to  be  aligned  precisely  with  the  transmitting  optics  to 
obtain  the  maximum  Laser  efficiency. 

The  transmitting  optics  consisted  of  two  probes:  a  DANTEC  60X61  and  60X60  optic  probe. 
Each  of  the  two  probes  contained  an  optic  transducer,  a  distributor  unit,  and  transmitting  and  receiv¬ 
ing  fibers.  The  DANTEC  60X60  optic  probe  transmitted  one  wave  length  (violet)  and  received  the 
other  two  wavelengths  (green  and  blue).  Conversely,  the  DANTEC  60X61  optic  probe  transmitted 
both  the  green  and  blue  wave  lengths  and  received  only  the  violet  wavelength.  In  this  manner,  one 
probe  was  placed  on  each  side  of  the  test  section  windows  and  Doppler  bursts  from  a  particle  pass¬ 
ing  through  the  measurement  volume  were  received  by  the  optic  probes  by  forward  scattering  of 
light,  improving  the  signal-to-noise  ratio.  On  the  front  of  both  probes  was  a  600  mm  focal-length 
lens.  Figure  10  shows  the  position  and  spacing  of  the  green  and  blue  laser  beams  on  the  face  of  the 
DANTEC  60X61  optic  probe  transmitter.  The  DANTEC  60X60  optic  probe  was  mounted  to  the 
traversing  mechanism  using  a  DANTEC  60X3631  probe  support  which  used  micrometers  for  pre¬ 
cise  alignment  in  three  dimensions.  The  DANTEC  60X61  optic  probe  used  a  DANTEC  60X3611 
probe  support  which  provides  angular  adjustment  in  two  dimensions. 
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Each  optical  probe  received  light  through  a  beam  expander  and  transmitted  the  signal  through 
the  fiber  optic  cables  to  a  DANTEC  55X35  color  separator  where  the  received  signal  was  split.  If 
the  signal  was  from  the  DANTEC  60X60  the  signal  was  split  into  5 14.4  (green)  and  488.0  nm  (blue) 
wavelengths.  Each  of  the  received  signals  were  then  transferred  to  a  DANTEC  55X35  photomul¬ 
tiplier  tube  where  the  signals  of  light  were  converted  into  electrical  signals  associated  with  each 
wavelength  received. 

3.2. 1.2  Data  Acquisition  Equipment 

The  Doppler  signals  received  by  the  optic  probes  and  converted  to  electrical  signals  by  the 
photomultiplier  tubes  were  sent  to  two  BSAs  for  processing.  The  processing  equipment  consisted 
of  a  DANTEC  57N20  BSA  Enhanced  and  a  DANTEC  57N35  BSA  Enhanced  Model  S  processors. 
The  57N20  BSA  was  used  as  the  master  BSA  for  calculating  coincidence  filtering  and  had  an  interior 
clock  of  1  Mhz.  A  Gateway  2000  486  DX/33  personal  computer  running  DANTEC  Burstware  2.0 
software  was  used  to  run  the  DANTEC  LDV  system  and  to  collect  data. 

3.2. 1.3  Traverse 

To  control  the  position  of  the  LDV  measurement  volume  and  collect  data  over  a  wide  spacial 
range  while  maintaining  optical  probe  alignment,  a  DANTEC  3-D  Traverse  System  was  used.  The 
traverse  was  powered  by  three  Cleveland  Machine  Controls  stepper  motors  regulated  by  a  Dynapar 
Model  M20 100003331  encoder.  One  thousand  pulses  from  the  encoder  translated  into  one  revolu¬ 
tion  of  the  traverse  positioning  screw  and  a  2  mm  displacement.  The  traverse  had  an  accuracy  of 
±  80  ftm  over  a  600  mm  range  (or  0. 13  pm/mm)  with  a  maximum  loading  of  445  N. 

3.2. 1.4  Seeding  Apparatus 

Though  the  LDV  measurement  was  non-intrusive  in  the  sense  that  the  measurement  equipment 
was  external  to  the  flow  field,  particles  must  be  introduced  into  the  flow  that  reflect  light  in  sufficient 
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quantities  and  were  small  enough  to  follow  the  smallest  flow  structures  to  be  measured.  A  TSI  Inc. 
six-jet  atomizer  was  attached  to  an  injector  mounted  in  the  Mach  2.9  settling  chamber.  The  atomizer 
was  connected  to  the  injector  using  a  Tyson  brand  plastic  tube  (t5q)e  R-3603)  with  an  inner  diameter 
of  1.27  cm.  Bertoli  Brand  extra  light  olive  oil  was  used  as  the  flow  following  particles  and  had  a 
mean  particle  size  of  dp  <  1  fj-m  [12].  The  density  of  the  olive  oil  particles  in  the  flow  was  controlled 
by  two  methods.  The  first  was  to  use  the  pressure  control  valve  to  regulate  the  pressure  difference 
in  the  atomizer.  The  second  method  of  controlling  the  particle  density  was  to  increase  or  decrease 
the  number  of  jets  used  to  inject  the  olive  oil  particles  into  the  wind  tunnel  settling  chamber.  The 
injector  consisted  of  a  copper  pipe  pressed  into  a  streamline  shape  and  mounted  just  ahead  of  the 
flow  straightener.  Slots  were  cut  along  the  trailing  edge  of  the  copper  pipe  for  injection  of  the  olive 
oil  particles.  Figure  11  shows  a  schematic  of  the  injector  with  its  location  in  the  Mach  2.9  stagnation 
chamber. 

Detailed  information  for  the  processing  of  the  scattered  laser  light  can  be  found  in  the  D  ANTEC 
BURSlWare  Installation  and  User’s  Guide  [20]  and  DANTEC  BSA  Enhanced  User’s  Guide  [22]. 
Appendix  B  also  provides  information  on  the  LDV  system  settings  used  for  these  experiments. 

3^.2  Hot-Wire  Anemometry 

3.2.2.1  Hot-Vfire  Equipment 

Hot-Wire  anemometry  was  performed  on  a  DANTEC  StreamLine  Constant  Temperature  Ane¬ 
mometry  (CTA)  System  which  consisted  of  a  StreamLine  Frame,  three  CTA  Modules,  and  a  Personal 
Computer  (PC)  with  the  DANTEC  StreamWare  software.  The  PC  communicated  with  the  DANTEC 
Frame  using  a  National  Instruments  Model  AT-MIO-16E-1  interface  card  and  the  COMl  serial  port. 

The  frame  contained  a  power  supply,  a  controller,  and  an  ambient  temperature  probe.  It  held 
three  CTA  or  Calibration  Modules  and  provided  analog  outputs  for  each  of  the  modules  and  the  tem- 
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perature  probe.  To  electrically  isolate  each  Module,  the  frame  provided  six  galvanically  separated 
power  supplies.  The  frame  controller  provided  three  functions:  1)  transfer  and  storage  of  setup  pa¬ 
rameters  for  the  CTA  Modules,  2)  DC  voltage  measurements  for  probe  resistance,  bridge  balance, 
and  ambient  temperature  from  the  temperature  transducer,  and  3)  to  record  CTA  square  wave  re¬ 
sponse  data. 

Tvo  of  the  three  CTA  Modules  were  used  to  collect  data  for  normal,  parallel,  and  cross-film 
probes  in  the  boundary  layer  above  the  roughened  flat  plate  surfaces.  The  Modules  contained  a 
CTA  and  a  Signal  Conditioner  in  one  box.  The  anemometry  provided  two  internal  Wheatstone 
bridge  configurations  (1:20  and  1:10),  as  well  as,  an  external  bridge  (1:1)  which  allowed  for  a 
higher  frequency  response  of  the  hot-film  to  flow  conditions.  The  external  bridge  configuration  was 
used  in  this  setup  using  non- wire  wound  ceramic  potentiometers  (20  ohms  maximum)  connected  to 
DANTEC  microdot  cable  and  BNC  cables  of  the  same  length  as  the  cables  connected  to  the  probe 
holder.  The  signal  conditioner  provided  in  each  CTA  Module  was  used  to  match  the  CTA  bridge 
output  to  the  input  range  of  an  Analog-to-Digital  (A/D)  converter  and  provide  filtering  of  the  bridge 
signal. 

The  Stream  Wire  software  ran  on  an  Acer  100  Mhz  Pentium  PC  and  controlled  the  Stream- 
Line  Hardware  System  for  acquiring,  processing,  and  presenting  hot-film  data.  The  PC  controlled 
the  frame  by  the  use  of  the  COMl  serial  port  and  collected  data  using  the  National  Instruments 
Model  AT-MIO-lbE-l  A/D  converter.  The  A/D  converter  was  a  16  channel,  12  ADC  bit  resolution 
board  with  a  voltage  range  of  either  ±5  or  0-10  volts.  The  StreamWare  software  was  used  to  control 
the  StreamLine  Frame  and  to  collect  hot-film  data.  The  processing  and  presenting  of  results  were 
done  on  a  Hewlett  Packard  Pavilion  Model  7320  PC  described  below.  This  was  done  since  the 
DANTEC  Calibration  System  was  usable  only  in  the  air  flow  range  of  a  few  cm/sec  up  to  Mach 
1.  All  information  for  the  description  of  the  DANTEC  Streamline  CTA  System  was  found  in  the 
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DANTEC  StreamLine  Installation  &  User’s  Guide  [21].  The  hardware  and  software  settings  used 
for  each  hot-film  experiment  are  presented  in  Appendix  A. 

3,2.22  Traverse 

The  normal,  parallel,  and  cross-film  probes  were  positioned  in  the  roughened  flat  plate  turbu¬ 
lent  boundary  layer  using  a  three-axis  UniSlide  traverse  by  \felmex,  Inc.,  controlled  by  a  \felmex, 
Inc.  8300  Series  Stepping  Motor  Controller/Driver.  Figure  12  shows  the  UniSlide  traverse  and  tun¬ 
nel  setup  for  cross-film  measurements.  Each  traverse  axis  had  a  travel  length  of  600  mm  with  an 
error  of  ±  80  fim  over  a  600  mm  range  (or  0.13  ixmlmm).  The  8300  Series  controller  was  a  mi¬ 
crocomputer  controller  which  ran  the  three  stepper  motors  from  a  host  PC  connected  by  a  RS-232C 
interface  cable. 

3.2.2.3  Hot-Film  Probes 

In  general,  two  probe  types  are  commonly  used  for  turbulence  measurements.  They  are  hot¬ 
wire  and  hot-film  probes.  The  hot-wire  probes  are  exactly  that,  wire  stretched  across  two  leads. 
Because  wires  can  be  made  extremely  thin,  the  thermal  inertia  of  the  sensor  gives  a  higher  fre¬ 
quency  response  to  flow  fluctuations.  The  wires  small  size  also  makes  the  probes  very  fragile  and 
so  a  trade-off  between  response  and  robustness  must  be  made.  Hot-Film  probes  are  typically  made 
of  a  cylindrical  quartz  substrate  with  a  thin-film  of  platinum  deposited  on  the  outer  surface.  The 
cylindrical  quartz  substrate  and  platinum  film  are  larger  and  more  robust  than  the  wire  sensors  but 
have  a  slower  frequency  response.  For  this  dissertation,  the  term  “hot-wire”  is  used  as  a  generic 
term  identifying  both  hot-wire  and  hot-film  measurement  techniques,  though  only  hot-film  probes 
were  used  in  this  research. 

Three  hot-film  probe  types  were  used  in  these  experiments:  normal,  parallel,  and  cross-film 
probes.  The  normal-film  probe  was  a  TSI  Model  1218-20  probe  with  Platinum  sensors  mounted  to  a 
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TSI  Model  1150  Single  Sensor  Probe  Support.  The  parallel-film  probe  was  a  TSI  Model  1246AD- 
20  probe  consisting  of  two  hot-film  sensors  positioned  normal  to  the  x-y  plane,  parallel  to  each 
other,  and  spaced  1.085  mm  apart  in  the  y-axis  direction.  TVvo  cross-film  probes  were  used  in  these 
experiments.  They  were  the  TSI  Model  1243-20  x-array  probe  which  measured  mean  and  turbulent 
information  in  the  x-y  plane  and  the  TSI  Model  1243 AN-20  which  measured  information  in  the  x-z 
plane.  Both  cross-film  probes  provided  mean  and  turbulent  information  in  the  streamwise  or  a;-axis 
direction.  The  two  sensor  probes  (TSI  1246AD-20,  1243-20,  and  1243AN-20)  were  mounted  to 
a  TSI  Model  1155  Dual  Sensor  Probe  Support.  All  of  the  probes  were  TSI  “-20”  hot-fihn  probes 
with  sensor  diameters  of  50.8  //m,  sensor  lengths  of  1.02  mm,  distance  between  supports  of  1.65 
mm,  and  temperature  coefficients  of  0.0024  Figures  13, 14, 15,  and  16  provide  drawings  of  the 
normal,  parallel,  and  both  cross-film  probes,  respectively  [60]. 

The  normal-film  and  parallel-film  probes  were  used  to  collect  high-frequency  information  in 
the  boundary  layer.  The  normal-film  probe  measured  energy  spectra  and  autocorrelation  informa¬ 
tion  and  the  parallel-film  probe  measured  boundary  flow  structure  angles  using  the  cross-correlation 
between  the  two  film  sensors.  For  these  probes,  the  DANTEC  system  was  used  to  tune  and  main¬ 
tain  the  bridge  during  the  tunnel  runs.  The  DANTEC  system  and  external  resistors  provided  a  nom¬ 
inal  frequency  response  of  130  kHz  using  the  square  wave  technique  in  the  Mach  2.9  freestream. 
A  Nicolet  Multipro  data  acquisition  system  was  used  to  collect  hot-film  voltage  data.  The  Nicolet 
Multipro  system  consisted  of  a  chassis  unit  with  four  A/D  acquisition  boards,  each  with  four  input 
channels.  The  Multipro  system  acquired  each  channel  at  a  IMhz  rate  (non-interlaced)  with  a  maxi¬ 
mum  of  256k  samples  per  board. 
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3^.3  Pressure  Measurement 


A  Pitot  pressure  probe  was  used  to  measure  pressures  through  the  boundary  layer  of  each  of 
the  six  models.  The  Pitot  probe  had  an  inner  tube  height  of  0.762  mm  (0.030  in.)  and  outer  tube 
height  of  1.168  mm  (0.046  in.).  A  picture  of  the  Pitot  probe  is  shown  in  Figure  17.  The  position 
and  deflection  of  the  Pitot  probe  and  hot-film  probes  was  measured  using  a  Gaertner  travelling 
telemicroscope  with  a  digital  readout.  The  telemicroscope  used  a  M-303  micrometer  slide  with  a 
length  of  100  mm  and  an  accuracy  to  ±0.0005  mm. 

3.2.4  Flow  Msualization 

T\vo  flow  visualization  methods  were  used  in  this  research.  The  first  method  used  color 
schlieren  photographs  to  provide  mean  flow  information.  While  the  second  method  used  Laser 
Sheet  Mie  Scattering  Imaging  (LSI)  to  provide  instantaneous  boundary  layer  flow  information. 

3. 2.4.1  Color  Schlieren 

The  color  schlieren  flow  visualization  equipment  consisted  of  a  mercury  light  source,  two 
15.24  cm  (6  in)  mirrors,  a  color  slide,  and  a  Nikon/Kodak  Digital  CCD  camera.  Figure  18  is  a 
photograph  of  the  equipment  setup  while  Figure  19  is  a  schematic  showing  the  positioning  of  the 
light  source,  mirrors,  slide,  and  camera.  The  color  schlieren  slide  used  as  the  knife  edge  had  blue 
and  red  regions  separated  by  a  thin  green  band.  As  light  traverses  through  the  test  section,  density 
gradients  deflect  the  light  up  or  down  into  the  red  and  blue  regions  of  the  slide.  Therefore,  regions 
with  no  density  gradients  appeared  green  and  regions  with  density  gradients  appeared  red  or  blue, 
depending  on  the  gradient  direction.  For  this  setup  a  horizontal  knife  edge  provided  information 
and  a  vertical  knife  edge  provided  information.  From  these  photographs,  the  mean  boundary 
layer  height  could  be  seen  along  with  any  compression  or  expansion  waves.  The  color  contrast 
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information  for  each  photograph  was  modified,  by  the  same  contrast  curve,  using  Adobe  Photoshop 
\brsion  4.0. 

3.2.4.2  Laser  Sheet  Imaging 

The  LSI  system  consisted  of  a  Surelite  110  Laser,  Surelite  110  Power  Cooling  Group,  Surelite, 
Separation  Package,  three  flat  mirrors,  two  cylindrical  lenses,  and  a  focal  spherical  lens.  A  pho¬ 
tograph  and  schematic  of  the  LSI  setup  is  shown  in  Figures  20  and  21,  respectively.  The  Surelite 
no  laser  was  a  4.0  Watt  YAG  laser  with  two  primary  wavelengths  of  1.06/im  and  532nm.  The 
532nm  wave  length  beam  was  used  for  the  imaging  with  a  Q-switch  setting  of  300^s.  The  same 
Nikon/Kodak  camera  used  for  the  color  schlieren  photographs  was  used  for  the  laser  sheet  images. 
The  camera  had  a  resolution  of  1524  by  1012,  pixel  depth  of  12  bits  per  color  (RGB),  and  a  hard  disk 
capacity  of  260  Mbytes  (approximately  55  photographs).  The  flow  imaging  particulates  were  pro¬ 
vided  by  a  Rosco  Model  1 600  Fogger  using  Rosco  Fog  Fluid.  The  fogger  was  placed  in  a  pressurized 
PVC  container  to  provide  positive  pressure  from  the  fogger  into  the  tunnel  stagnation  chamber. 

3.3  Computational  FacUities 

The  following  computational  hardware  and  software  was  used  to  complete  this  research. 

3.3.1  Hardware 

The  data  reduction  and  processing  was  completed  on  two  classes  of  computer  hardware,  a 
Digital  Workstation  and  IBM  compatible  PCs.  The  workstation  was  a  Digital  Alpha  Station  model 
2004/233  running  Digital  Unix,  Fortran  90  and  connected  to  the  Aeronautical  and  Astronautical 
Engineering  Department  workstation  network  using  DEC  Thlip  Ethernet.  The  system  had  a  single 
Alpha  processor  running  at  233  Mhz  with  128  Mbytes  of  dynamic  RAM  and  one  4  Gbyte  local  hard 
disk  drive.  The  Alpha  station  provided  a  1280  by  1024  display  resolution  with  a  pixel  depth  of  8 
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bits  to  a  17  inch  monitor.  The  PC  was  a  Hewlett  Packard  166  Mhz  Pentium  MMX  computer  with 
80  Mbytes  of  dynamic  RAM  and  2.5  Gb3des  of  local  hard  disk  space. 

3.3.2  Software 

The  software  for  this  research  consisted  of  in-house  data  reduction  routines  and  over-the- 
counter  software  packages.  The  in-house  programs  were  WinMShear,  discrete  Fourier  transforma¬ 
tion  (DFT),  correlation,  and  the  computational  fluid  dynamics  programs.  The  WinMShear  program 
used  the  raw  mean  and  rms  voltage  information  from  the  DANTEC  Streamline  system  and  cal¬ 
culated  the  mean  and  turbulent  flow  quantities  (see:  Chapter  4  Data  Reduction).  WinMShear  was 
based  on  MShear  written  by  Bowersox  [7]  and  modified  to  run  as  a  Microsoft  Windows  95  program. 
The  DFT  and  correlation  (cross  and  auto)  routines  reduced  the  Nicolet  high-frequency  data  into  en¬ 
ergy  spectra,  microscale,  integral  scale,  and  structure  angle  information.  The  CFD  code  know  as 
CFVPNS  [6]  (Cell-centered,  Finite  Volume,  Parabolized  N-S)  is  more  fully  described  in  Chapter 
5.  The  CFVPNS  was  run  on  the  Digital  Alpha  Workstation,  while  the  other  programs  were  run  on 
a  PC.  The  over-the-counter  software  used  for  this  research  included  Scientific  Workplace  Vbrsion 
2.5,  Adobe  Photoshop  \brsion  4.0,  Visio  Sampler,  Microsoft  PowerStation  Fortran  \brsion  4.0,  and 
Microsoft  Office97. 
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Chapter  4  -  Experimental  Data  Reduction  Ihchniques 

This  chapter  describes  the  data  reduction  techniques  used  in  this  research.  Four  areas  of  data 
reduction  covering  Pitot,  Hot-\Wre  Anemometry  (HW^),  Laser  Doppler  \felocimetry  (LDV),  and 
high-frequency  normal-film  data  are  discussed.  The  mean  flow  Mach  number  was  calculated  using 
the  Rayleigh-Pitot  tube  formula  and  normal  shock  relationships.  Following  the  Pitot  data  reduction, 
techniques  for  reducing  HWA  turbulent  and  mean  flow  quantities  using  the  effective  Reynolds  num¬ 
ber  concept  are  covered.  After  the  H\NA  data  reduction,  LDV  output  by  the  DANTEC  BSA  will 
be  discussed  along  with  the  quantities  directly  measured  by  LDV  techniques.  Following  the  hot- 
film  and  LDV  sections  is  a  combined  analysis  developed  by  Bowersox  [12]  which  uses  both  HWA 
and  LDV  data.  Finally,  the  energy  spectra,  autocorrelation,  and  cross-correlation  methods  will  be 
covered. 

4.1  Mean  Flow  and  Integral  Analysis 

4.1.1  Mean  Flow 

Tunnel  stagnation  chamber  total  conditions,  Fo«.  and  To^ ,  and  test  section  Pitot  pressure,  Po^ , 

were  measured.  In  the  freestream,  the  Mach  number  was  found  using  the  total  pressure  ratio  across 

a  normal  shock  given  by 

^  ^  /  (^)  Mf  \  /2^  _ 

Po,  +  V7+1  7+iy 

From  the  isentropic  pressure  relationship,  the  freestream  static  pressure  was  found.  Finally,  assum¬ 
ing  the  static  pressure  is  constant  across  the  boundary  layer,  the  Rayleigh-Pitot  tube  formula  [34] 

Po,  (  (7  +  1)^  Mf  \^l-7  +  27Mf 

Pi  _  2  (7  -  1)  y  7  +  1 
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was  used  to  calculate  the  boundary  layer  Mach  number  profile.  In  the  above  equation,  M\  is  the 
mean  Mach  number,  P02  is  the  total  pressure  behind  the  normal  shock  in  front  of  the  probe,  and  Pi 
is  the  freestream  static  pressure. 


The  temperature  and  density  boundary  layer  profiles  for  the  six  floor  sections  were  deter¬ 
mined  using  two  methods,  the  Crocco-Busemann  approximation  and  isentropic  flow  relations.  The 
Crocco-Busemann  approximation  [61]  is  given  by 


tf  =  —  =  l  +  B 
P  J-w 


(74) 


where  and  T-w  are  the  wall  density  and  temperature,  respectively,  with 


=  and  = 


(75) 


The  recovery  factor,  r,  is  given  by  r  =  (Pr)3  for  turbulent  boundary  layer  flow.  The  temperature 
at  the  wall  was  assumed  to  be  the  adiabatic  wall  temperature.  Taw,  calculated  using 


To< 


=  1  + 


(76) 


with  the  wall  density  found  using  the  perfect  gas  relation 


_  Pw 

Pw  -Drp 

Jrilw 


(77) 


The  second  method  of  calculating  the  density  uses  the  local  Mach  number  and  tunnel  stagnation 
temperature.  With  the  Mach  number  and  stagnation  temperature  the  local  flow  density  can  be  de¬ 
termined  assuming  the  static  pressure  is  constant. 


4.1.2  Integral  Analysis  for  a  Smooth  Flat  Plate  Boundary  Layer 

Also  from  the  Pitot  data,  the  boundary  layer,  displacement  and  momentum  thicknesses  were 
calculated.  Two  boundary  layer  heights,  6  and  8m,  were  calculated  based  on  the  velocity  and  Mach 
profiles,  respectively.  They  are  the  y-axis  location  at  which  =  0.99  and  =  0.99,  respec- 
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lively.  The  displacement  and  momentum  thicknesses  are  given  by 


Jo 


Poo'^oo 


and 


Poo'^OO  V  ^oo  , 


While  the  kinematic  displacement  and  momentum  thickness  are  given  by 


=/ 


l-^]dy 

^OO  . 


(78) 


(79) 


(80) 


and 


e^=  r^fl-^^dy  (81) 

Jo  '^oo  \  '^oo  / 

The  skin  friction  was  calculated  using  the  Driest  II  equation  for  the  smooth  plate.  The  Van 


Driest  n  [66]  equation  is  given  by 

sin-1  (  ^  ■  -’--1 


with 


«  4.15 log  ( Re^Cf^  )  +  1.7  (82) 

\  PW  y 


Bi  =  B2  =  ^-1 

the  skin  friction,  Cf,  was  found  using  an  iterative  approach. 


(83) 


4.1.3  New  Integral  Method  for  a  Rough- Wall  Boundary  Layer 

For  the  rough  plates,  the  skin  friction  value  was  calculated  based  on  the  fiilly  rough  “Law  of 
the  Wall”  written  as  [50] 

where  k  is  the  roughness  height,  k  =  0.41,  and  B  is  a  constant.  Rewriting  the  above  equation  using 
the  momentum  thickness  gives 

nr  1  /fl\ 

(85) 


Combining  Equation  (85)  with  the  zero  pressure  gradient  momentum  integral  equation  given  by 

Ci_^ 

2  dx 


(86) 
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and  integrating  gives 


+  4.885' 


Oi 


Ax 

T 


(87) 


For  known  9i,  Of,  k,  and  Ax,  the  constant,  B',  can  be  calculated  for  each  plate  and  the  skin  friction 
found  from  Equation  (85). 


4.2  Tiirbulent  Flow 


This  section  contains  the  data  reduction  of  hot-film  and  LDV  data  beginning  with  general 
theory  and  overheat  (multiple  and  single)  analysis  for  hot-film  data.  Followed  by  a  section  on  LDV 
data  reduction,  combined  analysis  for  both  hot-film  and  LDV  data,  and  finally,  energy  spectra  and 
correlation  data  reduction. 

4.2.1  Hot-Wire  Anemometry 

4.2. 1.1  General  Theory 

The  multiple  overheat  cross-wire  (or  film)  data  reduction  techniques  used  and  presented  in 
this  section  were  developed  by  Bowersox  [14].  First,  general  theory  is  presented  for  flow  over  hot¬ 
wires,  followed  by  the  development  of  cross-wire  and  normal-wire  data  reduction  equations.  For 
turbulent  compressible  flow  over  a  cylinder,  the  non-dimensional  heat  transfer  or  Nusselt  number 
has  the  following  functional  form  [36]. 


Nu  =  Nu(^,M,Vi,Ree,r)  (88) 

a 

where  L/d  is  the  wire  aspect  ratio,  M  is  the  Mach  number,  Pr  is  the  Prandtl  number,  Rcg  is  the 
effective  cooling  Reynolds  number  based  on  wire  diameter,  and  r  is  the  temperature  loading  factor 
[r  =  {Tw  —  Te)  /Tt].  Tyi  is  the  wire  temperature  and  Te  is  the  equilibrium  temperature  an  unheated 
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wire  would  reach  if  placed  in  the  flow.  Equation  (88)  simplifies  to 

Nu  =  Nu{Ree,T)  (89) 

under  the  following  assumptions:  the  aspect  ratio  is  much  greater  than  one,  the  Mach  number  is 
greater  than  1.2  or  M  sin  ^  is  greater  than  one,  the  Prandtl  number  is  constant,  and  for  Reynolds 
numbers  greater  than  20,  Tg  is  about  97%  of  Tf .  For  wires  normal  to  the  flow,  the  experimental  data 
has  been  found  to  collapse  onto  the  following  curve 

Nu  =  aRe^  +  b  (90) 

where  a  and  b  are  found  from  calibration. 

The  Nusselt  number  is  also  proportional  to  the  power  supplied  to  the  wire 


Nu  = 


(91) 


TTktL(Tw  -  Te) 

where  is  the  wire  heat  transfer  and  kt  is  the  thermal  conductivity  of  the  wire.  Assuming  the 
power  supplied  to  the  wire  is  equal  to  the  heat  transfer  away  from  the  wire,  qw  is  given  by 


qw  — 

where  R^  is  the  wire  resistance  and  iy,  is  the  wire  current  given  by  [1] 


(92) 


K; 


Rw  +  Rs  +  Rl 

Assuming  Tg  ~  Tt  Equations  (91),  (92),  and  (93)  can  be  combined  to  give 


(93) 


Nu  = 


V^R^ 


{R^  +  Rs  +  Rl?  T^hLiTy,  -  T*) 

Using  the  turbulent  power  laws  for  thermal  conductivity  and  viscosity  given  by 


(94) 
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(  T  (  T 

~  1^0 

with  rik  =  0.89  and  =  0.77  and  combining  Equations  (94)  and  (90)  gives 


a 


rp^  \  —rik 


a\/^ 


JhL 

Tt\~^ 


To 


+  b 


{T^-Tt) 


(95) 


where 


Co  —  {Rw  +  Rs  +  Rl) 


2  TT koT 


Rw 


and  Rcoe  is  the  effective  Reynolds  number  with  jj,  =  pL^,.  Replacing  v^,  Reoe,  and  Tt  by  the  mean 
plus  the  fluctuating  component,  using  the  Binomial  Theorem,  retaining  only  the  first  order  terms 
and  solving  for  v'^fVw  gives  the  hot-film  fluctuation  equation 


_  ^R^oe  I  Tf 

Vyj  ~  ^Woe  Tt 


where  the  hot-film  sensitivities  are  given  by 


(96) 


/  =  i|i  + 


and  g  =  — 


Equation  (96)  can  be  rewritten  using  the  mean  quantities  yfRee  and  Tt. 


(97) 


-h  XiTt  \[^e  +  V'iTt  =  ii 


_ 2 

where  Xi  =  -1/T.uiiAi  =  -h/  {a,iTyn),snA  it  =  V.^J  {CtaiTyn) -hi /at.  The  subscript  i  indexes 
the  overheat  ratio.  At  a  minimum,  two  overheat  ratios  are  required  to  solve  for  the  two  unknowns, 
Jce  and  Tt.  If  more  overheat  ratios  are  used,  then  a  least  squares  analysis  is  used: 


(98) 


iv  Tt  (E  Xi  -  E  V'iCi)  +  m  s/We  E  Xi 
+Tt^  E  x^i  +  Tt^  E  X?  =  E 


(99) 
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(100) 


(E  -  E  XiCi)  +TtE  V’f  +  2TtV^e  E  Xi^i 
+'\^  E  Xi + 5IV^  S  xf  =  E 

where  N  is  the  number  of  overheats  and  the  summations  are  over  i  which  goes  from  1  to  N.  The 
solution  of  the  above  two  nonlinear  equations  was  found  using  the  iterative  secant  method. 
Equation  (96)  was  squared  and  averaged  yielding  the  turbulent  result 


Reo 


R-eoe^/  \  ,  „2l  -^t 


Reoe  Tt 


+  9i 


(101) 


To  solve  for  the  three  turbulent  terms,  (^)  ’  overheat  ratios  are 

required.  Again,  if  more  than  three  overheats  are  used,  a  General  Least  Squares  (GLS)  analysis  can 
be  applied  to  Equation  (101)  yielding 


/  \ 


E// 


Efhf 

12fi9i 

T.9f 

(  y  f 2  Z' ^ 


2^2 


E/i^i 


E/M  2E/i5f 


(M^) 

\  R»6oe  / 


(it)- 


V 


EsKfe). 


(102) 


/ 


the  GLS  analysis  of  turbulent  terms  does  have  one  deficiency;  any  errors  introduced  in  the  experi¬ 
ment  are  amplified  by  a  power  of  four.  For  this  reason  a  new  method,  the  Quadratic  Least  Squares 
(QLS)  method  (Bowersox  [14]),  has  been  developed. 
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The  QLS  method  assumes  errors  in  the  hot-films  are  purely  random  and  all  bias  errors  are 
contained  in  /  and  g.  In  addition,  the  only  variable  in  Equation  (101)  that  is  not  constant  for  a  given 
flow  location  is  the  wire  temperature.  By  defining  a  new  wire  temperature  loading  function  as 


and  rewriting  the  sensitivities  as 


(103) 


f  =  fo  +  mf^  and  g  =  9o  +  mg^ 
where  fo  and  my  are  determined  from  wire  calibration  and 


(104) 


9o  =  ^  -  fonfi  and  mg  =  -{1+  n^mf) 
Rewriting  Equation  (101)  using  Equation  (104)  gives 


(105) 


where 


(106a) 


fo  ‘^fo9o 
2fomf  2  (fomg  -h  9o'mf) 
mj  2mfmg 

Equation  (107)  requires  a  minimum  of  three  overheat  ratios  to  solve.  If  more  overheat  ratios  are 
used,  then  Equation  (106a)  can  be  evaluated  using  the  QLS  analysis  to  obtain  the  aj  terms  and  then 
Equation  (107)  can  be  used  to  compute  the  turbulent  quantities.  The  QLS  method  developed  in 
Equation  (107)  was  used  to  reduce  the  effect  of  bias  errors  on  the  hot-film  sensitivities,  /  and  g. 
The  wire  temperature,  T®,  was  calculated  (in  Kelvin)  using  [1] 
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Tu,  —  Tref  H - 

7re 

with  Tref  equal  to  293.15  K  (20° C)  and  7^5/  is  the  temperature  coefficient  of  resistance  (sensor 
dependent). 

4.2.1.2  Normal-Wire 

For  a  normal- wire  probe,  the  effective  Reynolds  number,  Rse  is  the  or-component  of  the  Reynolds 
number  in  the  flow  (or  wind)  direction,  given  by  Re^x-  So,  the  normal-wire  response  equation  is 
obtained  by  replacing  Regg  by  Re^x  in  Equation  (95)  and  using  the  two  non-linear  Equations  (99) 
and  (100). 

4.2.1.3  Cross-Wire 

Early  work  has  shown  that  the  response  of  cross  wires  (swept  wires)  is  independent  of  Mach 
number  if  M  sin  (^  >  1  [55],  but  they  are  still  dependent  on  the  normal  Reynolds  number  component. 
The  following  analysis  uses  oblique  shock  theory  to  relate  the  effective  Reynolds  number  to  the  x- 
y  coordinate  system  and  was  developed  by  Bowersox  [14].  Using  a  coordinate  transformation,  the 
effective  Reynolds  number  can  be  shown  to  be 


fRref 


{Rw  Rref) 


R^j  —  A\jR^  +  2iA2jRcxR€'y  “h  A^jRc^  (108) 

with 

Aij  =  cos^  (pj  +  sin^  (pj  A2j  =  (1  —  kc)  cos  sin  cpj  Aij  =  cos^  pj  +  sin^  (pj 
and  j  indexing  one  of  the  two  wires  for  a  cross-wire  probe  and  (pj  is  the  hot  wire  incidence  angle. 
Using  first  order  assumptions,  kc  can  be  shown  to  be 

kc  =  (109) 

P2 
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Replacing  Rsoe,  Reox,  and  Re^y  by  their  mean  and  fluctuating  components,  applying  the  binomial 
theorem,  and  the  following  definitions 


it  can  be  shown  that 


z=  ^ 


Re, 


pu 


B2  =  t 

B3  —  Ai  +  2A2R0 


(110) 


R^osj  —  Reox  "s/  B$j 


(111) 


and 


ReoeJj  \ReoxJ  \Rec 


(112) 


assuming  Rg  C  1.  Solving  this  set  of  equations  and  decomposing  into  x  and  y  components  of  Re 
gives 

I  2  2 

_  Reggi/A2i- Regg2/A22 

Reox  = - =  \l — : — 7^; - 7 — — -  (11-^) 


1^0 


Au/A21  —  A12/A22 


Reoy  — 


pvdyj 


Reoel/-^a  Repeal -^^2 


(114) 


2Rex  MxjAw  —  A22IA12 

Decomposing  the  fluctuation  Equation  (112)  into  x  and  y  components  gives  the  turbulent  re¬ 


sults 
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•^21  (i^)' 


where  Di  =  ^  j  and  D2  =  ^  j .  Either  the  GLS  or  QLS  method  can  be  used  to 

solve  for  all  terms  on  the  right-hand-side  of  the  above  equations  except  for  the  middle  correlation 
term  between  wire  1  and  2.  This  term  can  be  found  using  the  covariance  between  the  two  wires  of 
the  cross-wire  probe.  The  covariance  relationship  can  expressed  as 


(B^) 

\R^oe  J  1 

\  R^oe  J  2 

=  E(fc)3(fc)3-(i) 


(116) 


\  ite„o  it )  2  ^  /225l2 

where  the  summations  are  over  N  overheat  ratios.  Finally,  the  Reynolds  number  total  temperature 


correlations  can  be  shown  to  be 
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ReoxTt  -02 
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(117) 


For  the  x-z  plane,  cross-film  probes,  the  data  reduction  routines  are  identical  to  those  above 
with  the  y  and  v  terms  replaced  with  z  and  w,  respectively. 
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4.2. 1.4  Separation  of  Turbulence  Miriables 

The  formulas  for  separation  of  mass  flux  and  total  temperature  terms  into  non-conservative 
velocity  and  density  fluctuations  are 


^  _  (^)'  _  ^ 

U  pu  p 

^  —  R  C 

u  pu  p 


(118) 


where 


-  =  \d  (^^+R  -^4- air 

7  a+/3  y  ^  ^  /  Tt  '  ^  P 


a  = 


I3  =  a{'y-1)M^ 

Typically,  the  pressure  fluctuation  term  is  assumed  to  be  zero  (j/  «  0)  [14].  Thus  all  of  the  turbulent 
shear  terms  in  the  RANS  equations  can  be  found  using  Equation  (118)  and  p'  «  0. 
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For  use  in  the  E\NS  equations  the  following  transformations  can  be  used 


'\2  \ 


my 


(puYipv)' 

(p^)y 

fniTt 
\  puTt 


(119) 
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u"  _  —p*u' 

U  ~  "pu 

"iy*  _  —p'v* 

U  "pu 

u  =  f 


(120) 


4.2. 1.5  Single  Overheat  Analysis 

To  minimize  the  sensitivity  to  the  total  temperature  fluctuations,  the  hot-film  is  often  operated 
at  the  largest  possible  overheat.  For  small  total  temperature  fluctuations,  the  single  overheat  (SOH) 
technique  can  obtain  accurate  mass  flux  results.  For  negligible  total  temperature  fluctuations,  Tl  « 
0  [42].  With  this  assumption,  the  cross- wire  equations  can  be  approximated  by 


with  the  coefficients  of  the  [Sij]  matrix  as 


(121) 
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Si2  =  V!BnB2i 


Bi3  —  /i-Sll 
^21  =  f^Bl^ 

S22  =  2flBi2B22  (122) 

B23  —  /2-®22 
Ssi  =  hhBiiB\2 
S32  =  /1/2  {B11B22  +  B12B21) 

S33  =  flf2B2\B22 

4.2.2  Laser  Doppler  Velocimetry 

Laser  Doppler  \felocimetry  has  been  used  in  many  fluid  flow  problems  and  a  complete  descrip¬ 
tion  including  areas  of  concern  such  as  particle  seeding,  seeding  density  and  size,  directional  am¬ 
biguity,  particle  correlation,  and  angular  bias  can  be  found  in  the  DANTEC  Enhanced  BSA  User’s 
Guide  [22].  When  a  seed  particle  passes  through  the  laser  measurement  volume,  the  DANTEC 
BSA  receives  a  Doppler  burst  signal.  From  the  burst  signal  the  BSA  calculates  the  corresponding 
Doppler  frequency,  fd  (if  the  signal  meets  the  required  Signal-to-Noise  (S/N)  ratio  and  particle  val¬ 
idation  steps).  The  velocity  of  the  seed  particle  is  related  to  the  geometry  and  Doppler  frequency 
by  the  following  equation 


u=^  =  fdXf  =  fd-^  (123) 

Id  sin  I 

where  Xf  is  the  distance  between  two  successive  fringes  of  the  Laser  interference  pattern,  Td  is  the 
time  taken  for  the  seed  particle  to  cover  the  distance  between  the  fringes,  and  (^)  /  [sin  |]  is  the 
calibration  factor  denoted  by  and  is  found  from  the  optical  setup.  From  the  Doppler  frequency 


the  particle  velocity  can  be  determined  and  with  a  large  number  of  samples  the  mean  velocity  (« 
for  one  Laser),  turbulence  intensity  (vf  for  one  Laser),  and  the  first  term  of  the  kinematic  Reynolds 
shear  stress 


'^xy  v/v^ 

which  is  related  to  the  Favre  shear  stress  by  the  following  identity  (see  Section  2.2.3) 


(124) 


pu"v"  —  pu'v'  +  pu"  v" 


(125) 


where 

The  turbulent  kinetic  energy  is  defined  as 

026) 

Assuming  the  w-component  turbulence  intensity  is  the  same  order  as  the  u-component,  the  above 
equation  can  found  using 

TKE  =  +  {v'f  (127) 

[39]  where  u'  and  v'  are  found  using  a  two  component  LDV  system.  The  compressible  turbulent 
kinetic  energy  is  defined  as  [14] 

(pu)'^  +  +  (fnv)'^ 


TKE  = 

The  mean  and  fluctuating  Mach  numbers  can  be  found  using 

_  1 

M  = 


2Q^ 


[2jRTo-Q\'y-l) 


and 
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(128) 


(129) 


(130) 


respectively  [39],  where  Q=\j v?  +  v^  +  {v')^  and  {Q')^  «  ('^0^- 


58 


4.2.3  Combined  Analysis 


The  LDV  and  cross-wire  data  can  be  combined  to  give  direct  measurement  of  the  mean  Favre 
velocity  fluctuations  for  thin-layer  flow  (u/u  <C  1.0)  [12].  Combining  Equation  (34)  from  Chapter 
2  and  Equations  (90)  and  (96)  gives 

_  v"  _u'v'  (pu)' (pv)' 

_  —  7-7-  —  _0  , _ vO 

pu  u  {pay 

So,  the  mean  traverse  Favre  velocity  fluctuation  can  be  found  indicating  the  magnitude  of  the  com¬ 
pressibility  terms  found  in  the  Reynolds  shear  stress.  Additionally,  the  LDV  and  cross-wire  mean 
flow  data  can  be  combined  to  estimate  the  mean  density: 


_  pu  p'u' 
^  u  u 


(132) 


The  second-order  turbulence  correlation  terms  on  the  right-hand  side  of  the  above  equation  have 
been  neglected. 


4.2.4  High-Frequency  Hot-Film  Analysis 

The  high-frequency  data  collected  by  the  DANTEC  Streamline  and  Nicolet  systems  was  re¬ 
duced  using  both  discrete  Fourier  transform  and  correlation  analysis 

4.2.4.1  Energy  Spectra  Analysis 

The  TSI 1218-20  normal-film  probe  was  used  to  collect  high-frequency  boundary  layer  data. 
The  hot-film  probe  was  run  by  the  DANTEC  Streamline  system  while  the  hot-film  voltage  data  was 
recorded  by  the  Nicolet  Multipro  system.  The  Nicolet  collected  250,000  samples  at  a  frequency  of 
IMhz  for  0.25  seconds.  The  data  was  broken  into  23  blocks  and  reduced  using  the  discrete  Fourier 
transform  (DFT)  [48]  given  by 

=  (133) 

N 
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where  N  is  the  10,869  samples.  The  results  of  the  DFT  process  for  each  of  the  23  blocks  was 
averaged  with  the  final  results  given  in  the  following  form 

\purif) 

ip^')'rms 


z 

r^'(/)i 

L  ^rras  J 

(134) 


4.2.4.2  Correlation  Analysis 

The  normal-film  probe  voltage  data  from  above  was  also  autocorrelated  using 

Rdr)  =  (135) 

(pu)' 

[17].  The  microscale  (A)  and  integral  scale  (A)  were  found  using  the  normalized  autocorrelated 
normal-film  data.  The  microscale  was  found  by  fitting  the  first  few  points  of  the  autocorrelation 
function  with  an  “osculating”  parabola  and  locating  the  parabola’s  positive  y-intercept.  The  integral 
scale  was  found  by  integrating  the  area  under  the  autocorrelation  function  from  r  =  0  to  cxa. 

The  parallel-film  probe  was  also  connected  to  the  DANTEC  and  Nicolet  systems  and  used  to 
collect  high-frequency  boundary  layer  information.  The  Nicolet  collected  128k  samples  from  each 
of  the  two,  parallel,  hot-film  sensors  at  a  IMhz  rate.  The  data  from  the  two  sensors  were  cross- 
correlated  using 


R^{r)  =  [0"'MliK(t  +  T)la 
(pu)'" 

The  structure  angle  associated  with  a  large-scale  motion  can  be  determined  from  the  time  delay 
between  signals  (r),  the  mean  streamwise  velocity  (w),  and  the  wire  separation  distance  (w)  using 
the  following  equation. 


0  =  tan-^  ) 
\utJ 


(137) 


with  9  being  the  structure  angle. 
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Chapters  -  Numerical  Methods 

This  chapter  outlines  the  details  of  the  CFD  code  used  in  this  study.  The  first  section  presents 
the  details  of  the  code  including  the  equations  solved  and  the  solution  method.  Following  the  details 
of  the  CFD  code,  the  algebraic  turbulence  models  are  discussed.  Finally,  a  description  of  turbulence 
model  enhancements  to  include  surface  roughness  is  covered. 

5.1  Computational  Fluid  Dynamics  Code 

The  code  used  to  predict  the  smooth  plate  boundary  layer  profile  was  a  two-dimensional.  Cell 
centered.  Finite  Volume,  Parabolized,  Navier-Stokes  Solver  (or  CFVPNS)  written  by  Bowersox  [6] 
and  modified  for  this  application.  The  code  uses  a  space  marching  scheme  to  solve  the  Navier- 
Stokes  equations  in  parabolic  form  and  reaches  a  steady  state  solution  on  a  plane  by  driving  the 
residuals  to  zero  using  a  four  stage  Runge-Kutta  time  integration  technique.  In  the  marching  direc¬ 
tion  a  full  flux  algorithm  is  used  and  in  the  transverse  plane,  a  Roe’s  flux  differencing  scheme  is 
used 


5.1.1  Navier-Stokes  Equations 

The  CFVPNS  code  solves  a  simplified  version  of  the  Navier-Stokes  equations  using  finite 
volume  discretization.  The  first  section  of  Chapter  2  gives  the  conservative,  differential  form  of  the 


Navier-Stokes  equations,  which  are  shown  here  in  integral  form 


where 


I  /  / 

Vol  Surf 


—  Fy^  •  ndSurf  =  0 


p  \ 

(  pu  \ 

/  pv  \ 

pu 

'f  = 

pu^  +p 

j  + 

puv 

2  1 

k 

pv 

puv 

pv^  +p 

peo  j 

puho  ) 

\  pvho  j 

(138) 


61 


/ 


0 


\  ( 


XX 

'^xy 

UT XX  H”  xy  Qx  J 


j  + 


\ 


'  xy 

^yy 


(139) 


y  UTxy+VTyy-Qy  J 


The  laminar  shear  stresses  and  heat  fluxes  are  given  as 


Txx  = 

'’’yy  —  (2^  “ 

Txy  =  M  +  il)  (140) 


Sutherland’s  formula  is  used  for  the  laminar  coefficient  of  viscosity,  given  by 

where  the  coefficients  are  Ci  =  1.458  ■  10~®  kg/msK^  and  C2  =  110.4  K.  The  thermal  conduc¬ 


tivity,  k,  is  calculated  assuming  the  Prandtl  number  is  equal  to  0.72  for  air. 


5.1.2  Non-Dimensionalization 

The  use  of  dimensional  analysis  has  long  been  a  useful  tool  in  understanding  the  dominant 
terms  in  a  system  of  equations  and  identifying  useful  simplifying  assumptions.  The  governing  equa¬ 
tions  shown  in  (138)  and  (139)  are  non-dimensionalized  using  the  following  scales 
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The  reference  values  for  density,  p^gf,  temperature,  Tref,  velocity,  Vref,  and  length,  Lj-ef  are  inputs 
to  the  CFVPNS  program.  If  the  following  choices 

■^6/  ~  Tref  ^^ref  ~  Pref^refVref  ^ref  P'ref^^ef  (143) 

are  made  then  the  non-dimensional  form  of  the  equations  have  the  same  form  as  equation  (138)  and 

the  calculations  are  dimensional  if  p^ef  =  Tref  =  Vref  =  Lref  =  1  (e.g.,  the  reference  Reynolds 
number  is  one). 

5.1.3  Finite  Volume  Discretization  and  Generalized  Coordinates 

The  CFD  code  was  written  to  solve  a  system  of  equations  in  a  generalized  or  computational 
coordinate  system.  The  physical  coordinate  system  of  the  problem  (often  Cartesian  or  spherical 
coordinates)  is  mapped  into  the  computational  coordinate  system,  the  solution  found  and  mapped 
back  into  the  physical  system.  In  this  way  the  CFD  code  can  be  written  and  optimized  for  one 
coordinate  system  and  used  for  a  wide  range  of  real  world  problems.  For  the  CFVPNS  code,  the 
physical  domain  is  discretized  as  shown  in  Figure  22,  (x,  y)  are  Cartesian  coordinates  and  (^,  rj)  are 
the  generalized  coordinates. 

Now  that  the  equations  are  non-dimensionalized  the  volume  averaged  state  or  Q  vector  is  given 
as 

Q  =  :^  /  QdVol  (144) 

Vol 

where  the  cell  volume  is  found  using  a  two-dimensional  quadrilateral  (times  one  for  the  third  di¬ 
mension) 


vol{j,k)  =  Surf  ace  Area  •l  =  ^|'^ix'^2| 

~  1  [(^j+i,fc-t-i  ~  {yj,k+i  ~  yj+i,k)  ~  {^j,k+i  ~  ^j+i,k)  {yj+i,k+i  ~  yj,k)] 

(145) 

Thus  equation  (138)  for  the  (j,  k)  control  volume  becomes 
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(146) 


i^+  J  /  (f  -  F.)  ■ 

j-f  ^  ^  j+f 

+  /  (^-  •nk_idSk_i  +  f^(^F  -  F„)  -nfc+irfSfc+i  =  0 

fc-f  fc+5 

where  f„  =  ceiiWume  ”#-5  normal  vector  to  the  #  -  5  surface.  Rewriting  the  flux 
integrals  (assuming  the  flux  surface  is  a  line  in  the  {x,  y)  plane)  gives 

(147) 


+  (5  -  9v)k+^  As;fc+i  +  {g-  gv)k-i  =  0 


where 

/  =  ^xf  +  ^y9 
fv  —  Cxfv  ^y9v 
9  =  ^xf  +  Vy9 


(148) 


9v  —  Vxfv  4"  Vygv 

Note:  /  and  g  are  the  j  and  k  components  of  the  flux  vector  F ,  respectively  and  fy  and  gy  are  the 
j  and  k  components  of  the  viscous  flux  vector  Fy,  respectively. 

Solving  for  equations  (147)  and  (148)  can  be  computationally  expensive.  For  many  problems, 
the  viscous  terms  in  the  streamwise  direction  are  negligible  compared  to  those  terms  in  the  transverse 
plane.  For  this  case,  we  can  drop  the  streamwise  viscous  terms,  fy,  and  neglect  the  streamwise 
gradient  terms  in  the  evaluation  of  the  heat  fluxes  and  shear  stresses  in  the  gy  formulation.  Now,  if 
the  flow  is  steady  and  supersonic,  the  solution  can  be  marched  in  the  streamwise  direction.  The  space 
marching  of  the  solution  works  for  a  hyperbolic  system  of  equations.  For  this  reason  a  modification 
to  the  equations  must  be  made  to  account  for  elliptic  effects  caused  by  subsonic  portions  of  the 
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boundary  layer  (this  code  uses  the  \^gneron  technique  [3]).  For  the  above  simplifying  assumptions, 
equation  (147)  becomes 


dQj,k 

dti) 


-R 


'j,k 


(149) 


where  Rj^k  is  called  the  residual,  and  for  the  present  discretization  is  given  by 

Rj,k  =  +  Qk+iASk+i  -  +  9k-iAsk_i  -  gv 


fc-J 


(150) 


where  the  flux  vector  is  given  in  equation  (139),  the  pressure  term  in  /  and  g;  however,  is  multiplied 
by  the  Vigneron  factor,  u,  given  by 


u')M^ 

^=1  +  (^_1)M| 


(151) 


The  safety  factor,  <t,  is  hard  coded  to  0.95. 

By  discretizing  the  right-hand-side  of  equation  (149),  the  system  reduces  to  a  first  order  ODE 
in  time.  To  time  integrate  the  semi-discrete  equation,  the  CFVPNS  code  uses  a  four  stage  Runge- 
Kutta  technique  until  a  steady-state  solution  is  achieved  by  driving  the  L2  norm  of  the  residual  down 
to  a  specified  tolerance  (usually  10“^).  Since  CFVPNS  is  a  space  marching  code,  a  fully  upwind 
flux  evaluation  algorithm  is  used  to  evaluated  the  streamwise  flux  vectors  (/),  i.e.. 


(152) 


where  q  is  the  state  vector  converted  to  primitive  variables.  The  full  flux  interpolation  is  given  by 

~  Qj,k  +  —  iqj,k  ~  Qj-i,k)  (153) 

The  algorithm  is  first  order  if  (j)  is  equal  to  zero  and  second  order  if  (p  is  equal  to  one. 

To  compute  the  g  flux  components,  a  Roe  flux  difference  splitting  scheme  is  used.  The  inter¬ 


polated  q  vectors  are  found  using  an  upwind  biased  (^  —  k  formulation  given  by 
.s  1  =  +  4  [('^  +  1)  A  -I-  (1  —  k)  V]  q^k^ 

—  4  [(1  —  A  -I-  (k  -I- 1)  V]  qk+i 


(154) 


65 


where 


=  gfe+i  -  Qk  and  Vqk  =  qk-  Qk-i 


(155) 


and  the  state  vector  q^.^i  is  found  using 


qk+i  =  ^  [qk^  +9fc+i  -  ([bill  +  [M12  +  [Mis) 


(156) 


with  [[g']]i,  [[9]]2>  and  [[gjjg  found  from  the  characteristic  waves  (see  Reference  [64]) 

To  compute  the  transverse  gradients  required  to  represent  gy,  a  second  order  central  difference 
is  used.  The  q  vector  is  geometrically  averaged  to  the  cell  faces  by  linear  interpolation,  in  order  to 
evaluate  the  central  differences.  The  interpolation  for  the  q  vector  at  the  cell  face  is  given  by 


Aya  ,  Aya 

or  rewritten  in  terms  of  the  grid  shown  in  Figure  (22) 


(157) 


Ayj,fc-1 


Ayj,fc— 1  +  ^yj,k 


9j,fc+i  + 


^yj,k 


Ay^'ife— 1  +  ^yj,k 


(158) 


where  the  over  bars  indicate  averaging  of  the  j  —  \  and  j-\-\  Ay’s.  To  allow  the  grid  to  be  nonuni¬ 
form,  the  second  order  central  difference  algorithm  is  actually  coded  as 

dqx  ^  ~  ^hk-\ 

where  the  9  term  accounts  for  variable  grid  spacing  {9  =  -^"^-).  Finally,  the  x  gradients  are 
evaluated  using  a  first  order  upwind  scheme  given  by 


-  (1  -  ^)  +  gj,fc+f 

9{l  +  9)/\yj,k 


(159) 


^  ^  Qj  -  gj-l 
dx  Ax 


(160) 


5.1.4  Current  Hirbulence  Model 

The  CFVPNS  code  currently  uses  two  algebraic  turbulence  models  to  compute  the  turbulent 
transport  parameters.  They  are  the  Prandtl  mixing-length  and  CAMMLE  turbulence  models.  Both 
the  Prandtl  mixing-length  and  CAMMLE  models  use  a  mixing  length  term  described  in  the  inner 
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region  as 


to  the  test  location,  81.785  cm  from  the  nozzle  throat  and  53.975  cm  from  the  nozzle  exit.  For 
the  smooth  plate,  Ay  was  set  to  zero.  For  the  five  rough  plates,  the  first  thirty-three  x-axis,  wall 
bounded  stations.  Ay  was  set  to  zero,  corresponding  with  the  smooth  nozzle  floor.  After  the  thirty- 
third  station.  Ay  was  calculated  based  on  Equation  (164).  To  fully  simulate  the  flow,  kg  was  set  to 
a  constant,  with  kf  calculated  for  each  station.  Because  the  boundary  layer  height  grows  and  the 
friction  velocity  changes  as  the  solution  is  marched  downstream,  k'f  decreases  along  the  plate  in 


the  flow  direction. 


Another  concern  regarding  the  roughness  modification  to  the  inner  region  mixing  length  is  the 


proper  calculation  of  the  friction  velocity.  The  traditional  wall  shear  stress  is  calculated  using 

du  , 


(165) 


for  smooth  plate  flow.  For  the  rough  wall  case  this  equation  no  longer  holds,  because  the  shear 
stress  at  the  wall  is  composed  of  two  components,  the  shear  at  the  wall  and  the  form  drag  due  to  the 
roughness  elements  protruding  into  the  boundary  layer  flow.  In  addition,  the  “true”  location  of  the 
wall  (i.e.,  where  y  =  0)  may  not  be  exact.  Some  rough  surface  turbulence  models  calculate  the  wall 
shear  stress  based  on  flow  conditions  a  distance  away  from  the  wall  [16].  For  this  study,  the  rough 
surface  wall  shear  stress  was  calculated  from  the  momentum  integral  equation. 

For  the  rough  wall  case,  the  wall  shear  stress  and  friction  velocity  were  calculated  based  on 


the  zero  pressure  gradient  momentum  integral  equation  given  by 

Cf__^ 

2  dx 

and  the  definition  of  the  skin  friction  coefficient 

Ty) 


Cf^j 


2 

00*^00 


iP^u: 


Using  the  above  two  equations,  the  wall  shear  stress  and  friction  velocity  become 

2  d6 

'^w 

and 


u  = 


I  Poo'^lo 


Pw  y  Pw  dx 
respectively.  The  momentum  thickness  gradient,  ||,  was  calculated  using 


(166) 


(167) 


(168) 


(169) 


dx 


Gj  -  Oj-i 
Ax 


(170) 


Since  the  solution  to  the  - 1  station  was  used  for  the  initial  solution,  the  momentum  thickness 
gradient  was  set  to  the  - 1  value  until  more  than  200  iterations  of  the  new  station  velocity  profile 
had  been  calculated  along  with  the  corresponding  momentum  thickness. 
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5.2  Grid  Convergence,  Initial  Conditions,  and  Boundary  Conditions 

5.2.1  Grid  Convergence 

To  simulate  the  conditions  over  smooth  versus  rough  plates,  a  grid,  consisting  of  101  by  201 
points,  was  generated  using  GridGen.  Along  the  downstream  or  a;-axis,  101  points  were  evenly 
spaced  from  0.000  to  81.785  an  with  the  measurement  test  location  at  station  100.  The  CFD  grid 
includes  the  nozzle  and  test  section  length  with  station  100  located  80.975  an  from  the  nozzle  throat 
and  the  nozzle  length  being  27 .000  cm.  Along  the  y-axis,  the  grid  consisted  of  20 1  points  distributed 
using  a  hyperbolic  tangent  function  to  provide  tighter  grid  spacing  near  the  wall  boundary  where 
the  boundary  layer  gradients  were  the  largest.  The  first  y-axis  grid  point  was  set  at  the  wall  (i.e., 
y  =  0)  with  the  second  grid  point  at  y  =  5.0  •  10“®  m  corresponding  to  a  y+  value  of  between  0.8 
and  1.5  depending  on  the  surface  roughness.  The  final  y-axis  grid  spacing  was  at  10.000  cm  above 
the  tunnel  floor.  A  discussion  on  grid  convergence  and  flat  plate  turbulence  model  validation  can 
be  found  in  Appendix  D.  Numerical  \hlidation  Methods. 

5.2.2  Initial  Conditions 

The  initial  conditions  for  the  CFD  code  consisted  of  two  parts,  the  code  variables  values  and 
the  flow  input  conditions.  The  code  variables  were  made  up  of  the  Courant,  Fredrichs,  and  Lewy 
(CFL)  number,  the  full  flux  algorithm  order,  the  Roe  flux  4>  and  k,  and  the  Situ  number  (see  Section 
2.2.4).  For  the  Prandtl  mixing-length  and  CAMMLE  models  the  CFL  number  was  initially  set  to 
0.3.  The  second  order  full  flux  algorithm  was  used  with  (f>  being  set  to  1.0  and  k  being  set  to  The 
Situ  number  was  set  to  1  •  10^®  for  the  standard  Prandtl  model  and  1  for  the  CAMMLE  model.  Two 
code  modifications  were  made  to  improve  the  CFD  code  robustness  and  shorten  the  ran  times.  The 
two  modifications  made  were  to  make  the  CFL  number  adaptable  and  to  fix  the  boundary  layer  edge 
location  after  the  residual  had  been  decreased  to  an  acceptable  level.  The  first  modification  checked 
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the  residual  every  fifty  iterations.  If  the  residual  increased  over  the  fifty  iterations,  the  CFL  number 
was  decreased  by  20%  with  a  minimum  possible  CFL  of  0.05.  The  second  modification  was  to  stop 
the  boundary  layer  edge  hunting  between  two  adjacent  grid  points.  Essentially,  the  boundary  layer 
edge  was  fixed  once  the  residual  was  driven  below  1  ■  10“^. 

The  initial  CFD  flow  conditions  consisted  of  the  Mach  number,  reference  density,  reference 
temperature,  wall  temperature,  and  equivalent  sand-grain  roughness  (if  applicable).  The  freestream 
flow  conditions  measured  using  the  Pitot  pressure  probe  were  used  for  the  initial  flow  conditions. 
Table  4  gives  each  of  the  above  values  for  each  of  the  six  tunnel  floor  plates. 

5.2.3  Boundary  Conditions 

Since  this  flow  was  supersonic,  three  boundary  conditions  have  to  be  specified,  they  are  the 
0*^  station  inflow  conditions,  the  upper  grid  location,  and  the  wall  boundary.  The  inflow  boundary 
conditions  in  nondimensional  form  are 


p 

=  1 

P  = 

P  —  1 

^  ~  Pref 

PrefKef  7 

=  Mach 

V  = 

=0 

Uref 

.(171) 

where  u^ef,  and  Mach  are  provided  from  the  initial  conditions.  The  upper-wall  boundary 


conditions  were  extrapolated  using 


^jjfcdim— 1  ^j,fcdim 
2 


(172) 


where  $  is  an  arbitrary  mean  flow  variable.  Finally,  the  wall  boundary  condition  used  was  a  no  slip, 
adiabatic  wall.  For  the  no  slip  (and  impermeable)  condition,  «  =  0  and  u  =  0  and  for  the  adiabatic 
wall,  f  =  0. 
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Chapter  6  -  Experimental  Results 

Recall  that  the  main  objective  of  this  study  is  to  provide  insight  into  the  physics  of  high-speed 
rough  wall  turbulent  boundary  layer  flow.  To  this  end,  a  large  and  varied  array  of  carefully  selected 
experimental  measurements  have  been  made.  The  first  two  sections  in  this  chapter  present  the 
results  and  detailed  analyses  for  each  of  the  individual  measurement  techniques.  The  Mean  Flow 
Data  section  presents  the  mean  data  acquired  from  the  color  schlieren  images,  Pitot,  Laser  Doppler 
\felocimetry  (LDV),  and  Hot-W^re  Anemometry  (HW\)  measurements.  While  the  Turbulent  Flow 
Data  section  presents  the  turbulent  data  acquired  from  the  Laser  Sheet  Images  (LSI),  LDV  and 
HWA.  measurements.  Finally,  the  last  section  {Empirical  Flowfield  Description)  presents  a  brief 
overview  of  the  overall  influence  of  surface  roughness  on  the  turbulent  boundary  layer  flowfield 
and  their  implications.  The  purpose  of  the  last  section  is  to  assimilate  the  empirical  information  in 
Sections  6.1  and  6.2  into  a  manageable  description  of  the  salient  flow  properties.  The  implications 
towards  modeling  are  also  highlighted. 

The  flow  conditions  for  each  experiment  are  briefly  discussed  below  and  tabulated  in  Table  5. 
The  detailed  error  analysis  associated  for  each  measurement  is  given  in  Appendix  C. 

6.1  Mean  Flow  Data 

This  section  presents  the  color  schlieren  flow  visualizations,  and  mean  flow  Pitot  pressure, 
velocity,  Mach,  density,  and  mass  flux  profiles  for  each  of  the  six  models  atx  =  53.975  cm.  Where 
appropriate,  duplicate  information  from  separate  experiments  has  been  grouped  together  for  com¬ 
parison. 

6.1.1  Flow  Visualization 

Schlieren  photographs  provide  qualitative  information  regarding  flow  structures  and  allow  a 
visual  comparison  of  the  flow  field  between  each  of  the  six  surface  models.  The  information  pro- 
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vided  by  visualization  techniques  (e.g.,  color  schlieren)  when  combined  with  quantitative  experi¬ 
mental  data  gives  a  more  complete  picture  of  the  flow  field  characteristics.  For  this  study,  color 
schlieren  photographs  were  taken  at  two  locations  in  the  test  section.  The  first  or  upstream  location 
was  4.285  cm  downstream  of  the  nozzle  exit  near  the  beginning  of  the  rough  floor,  and  the  second 
was  at  the  test  location,  53.975  cm  downstream  of  the  nozzle  exit.  For  all  color  schlieren  pho¬ 
tographs,  the  tunnel  was  operated  at  a  stagnation  pressure  of  2.17  •  10®  ±  0.4%  Pa  and  a  stagnation 
temperature  of  296  ±  1.0  K  (see  Table  5). 

At  the  nozzle  exit,  both  horizontal  and  vertical  knife  edge  color  schlieren  photographs  were 
taken.  The  horizontal  knife  edge  photographs  for  the  six  models  are  shown  in  Figures  23  through 
28.  While  the  vertical  knife  edge  photographs  are  shown  in  Figures  29  through  34.  For  this  setup, 
a  horizontal  knife  edge  responds  to  and  a  vertical  knife  edge  responds  to 

The  flow  features  noticeable  in  the  nozzle  exit  horizontal  knife  edge  schlieren  images  (Figures 
23  through  28)  include  wall  surface  boundary  layers  (both  lower  and  upper  surfaces),  nozzle/test 
section  seam  generated  waves,  surface  roughness  generated  waves,  a  mirror  aberration,  and  nozzle 
characteristic  waves.  All  horizontal  knife  edge  images  show  a  red  lower  wall  boundary  layer  and  a 
blue  upper  wall  boundary  layer  with  the  flow  moving  from  right  to  left.  With  the  vertical  direction 
being  specified  by  the  y-axis  and  the  origin  located  at  the  lower  surface,  the  lower  wall  boundary 
layer  has  increasing  density  in  the  positive  y  direction.  So  a  positive  density  gradient,  in  this 
photograph  appears  red  and  a  negative  density  gradient  appears  blue.  As  a  check,  the  upper  surface 
has  increasing  density  going  from  the  wall  surface  to  the  freestream,  which  is  in  the  negative  y 
direction  giving  a  negative  density  gradient. 

Also  seen  in  the  nozzle  exit  horizontal  knife  edge  images  is  the  nozzle/test  section  seam  inter¬ 
face  which  generated  two  weak  waves  that  propagate  downstream.  Depending  on  the  seam  align¬ 
ment  the  wave  could  have  been  a  compression  or  expansion.  If  the  seam  had  the  downstream  edge 
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protrading  into  the  flow,  the  wave  would  have  been  a  compression.  Conversely,  if  the  seam  had  the 
downstream  edge  below  the  upstream  edge,  the  wave  would  have  been  an  expansion  wave.  The 
seam  wave  angle  measured  between  20.0"  and  22.0"  in  all  of  the  nozzle  exit  photographs,  with  an 
average  of  21.3".  The  Mach  angle  for  the  M  =  2.88  nozzle  is  20.3";  thus,  these  waves  were  very 
weak  (almost  infinitesimal). 

For  all  rough  surface  models,  except  for  the  2D  plate,  waves  were  generated  due  to  individual 
roughness  elements  protruding  into  the  supersonic  portion  of  the  boundary  layer.  The  cause  of  the 
roughness  generated  waves  were  attributed  to  two  aspects  of  the  surface  roughness  geometry;  the 
maximum  and  mean  roughness  height.  For  example,  consider  the  20  grit  sandpaper  model.  Since 
the  tops  of  the  surface  roughness  models  were  aligned  with  the  nozzle  exit  floor,  the  bottom  of  the  20 
grit  sandpaper  model  was  1 .65  mm  below  the  nozzle  exit  floor  (see  Table  3).  Assuming  the  frontal 
area  of  the  protruding  roughness  elements  to  be  equal  to  the  mean  roughness  height  times  the  test 
section  width,  the  flow  exiting  the  nozzle  experienced  an  effective  area  increase  of  0.827  mm  (per 
unit  width).  The  flow  leaving  the  nozzle  exit  expanded  into  this  region,  and  compression  waves 
were  generated  when  the  flow  met  a  roughness  element  protruding  into  the  supersonic  portion  of 
the  boundary  layer.  How  high  the  roughness  element  protruded  into  the  flow  is  a  function  of  the 
maximum  roughness  height.  As  indicated  in  Figures  23  through  28,  these  waves  appeared  for  all 
of  the  sandpaper  generated  surface  roughnesses  with  increasing  intensity  as  the  surface  roughness 
increased  (both  mean  and  maximum  height).  All  of  the  waves  generated  by  the  sandpaper  models 
had  an  impact  on  the  boundary  layer  and  freestream  since  they  distorted  the  boundary  layer  edge 
and  were  clearly  visible  in  the  freestream. 

For  the  uniformly  distributed  3D  roughness  model,  weak  surface  roughness  waves  were  gen¬ 
erated  by  the  3D  roughness  elements  (see  Figure  25).  Though  both  machined  roughness  element 

models  had  the  identical  maximum  roughness  height  of  559  fim,  the  2D  roughness  elements  spanned 
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the  entire  test  section  width,  while  the  3D  roughness  elements  were  spaced  with  a  wave  length  of 
A  =  2.18  mm  (see  Figure  6)  in  the  traverse  direction.  Here,  the  flow  exiting  the  nozzle  experienced 
an  effective  area  increase  of  0.416  mm  (per  unit  width)  in  which  the  flow  expanded  after  the  noz¬ 
zle  exit.  The  effective  area  increase  of  the  3D  plate,  and  the  80  and  36  grit  plates  were  similar  (see 
Ikble  3);  however,  the  3D  plates  maximum  roughness  was  53%  of  the  80  grit  plate  height  and  40% 
of  the  36  grit  plate  height.  Thus,  waves  generated  by  the  3D  plate  surface  roughness  elements  were 
considerably  weaker  and  had  a  smaller  effect  on  the  freestream  flow. 

The  2D  machined  roughness  plate  did  not  create  an  effective  area  increase  at  the  nozzle  exit/test 
section  interface.  As  indicated  in  Figure  24,  the  2D  plate  roughness  elements  did  not  appear  to 
generate  compression  or  expansion  waves.  One  reason  for  this  is  that  the  roughness  elements  did 
not  protrude  into  the  supersonic  portion  of  the  boundary  layer.  Furthermore,  the  spacing  of  the  2D 
plate  roughness  elements  (see  Figure  5)  may  have  been  too  close  for  supersonic  flow  to  “dip”  into 
the  cavity,  and  thus  create  a  noticeable  wave  structure.  The  2D  plate  has  &\/k  ratio  of  3.9  which 
is  referred  to  as  a  “d-type”  roughness,  rather  than  a  “k-type”  roughness  as  described  in  references 
[4,37,46].  Perry  et  al.  [46]  remark  that,  for  a  “d-type”  rough- wall,  “the  outer  flow  rides  relatively 
undisturbed  over  the  crests  of  the  elements.”  With  the  transition  between  “d-type”  and  “k-type” 
roughness  at  around  A/fc  ~  4,  the  2D  plate  exhibited  flow  characteristics  of  both  types  of  roughness 
elements. 

Two  nonuniformities  could  also  be  seen  in  the  color  schlieren  photographs.  The  first  was  a 
circular  mirror  aberration  which  appeared  in  all  photographs,  and  the  second  was  the  nozzle  charac¬ 
teristics  that  appeared  in  the  nozzle  exit  photographs.  The  wave  coming  from  the  nozzle  exit  upper 
surface  consisted  of  a  red-than-blue-than-red  region  (going  from  right  to  left).  These,  again,  very 
weak  waves  were  the  result  of  imperfect  cancellation  of  the  nozzle  characteristics.  As  with  the  seam 
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waves,  the  influence  of  these  waves  on  the  present  study  was  infinitesimal.  In  fact,  these  waves 
were  so  weak  that  present  modem  instramentation  (e.g.,  LDV)  could  not  detect  their  disturbances. 

The  significant  flow  features  (e.g.,  the  boundary  layer  and  impact  of  surface  roughness  gen¬ 
erated  waves)  identified  in  the  horizontal  knife  edge,  nozzle  exit  schlieren  photographs  could  also 
be  seen  in  the  vertical  knife  edge  photographs  shown  in  Figures  29  through  34.  The  boundary 
layer/freestream  edge  appeared  as  a  dark  red  horizontal  line  for  each  of  the  six  models.  This  was 
due  to  the  mixing  of  swirls  or  eddies  of  various  densities  in  the  boundary  layer/freestream  edge. 
The  vertical  knife  edge,  nozzle  exit  schlieren  photographs  also  showed  the  surface  roughness  gen¬ 
erated  waves.  The  3D  plate  surface  generated  waves  were  more  easily  identified  in  Figure  31  than 
the  horizontal  knife  edge  image. 

The  test  location,  color  schlieren,  horizontal  knife  edge  images  are  shown  in  Figures  35  through 
40.  Roughness  generated  waves  were  no  longer  visible.  This  is  due  to  the  growth  of  the  boundary 
layer,  where  at  this  station  the  roughness  elements  no  longer  protruded  into  the  supersonic  region 
of  the  boundary  layer.  The  boimdary  layer  edge  determination  was  complicated  by  the  size  of  the 
boundary  layer  itself.  The  density  change  from  the  tunnel  wall  (governed  by  the  wall  temperature) 
and  the  freestream  (governed  by  the  freestream  temperature)  had  remained  relatively  constant  and 
the  boundary  layer  height  had  increased.  Thus,  the  density  change  had  been  spread  out  over  a  larger 
distance.  For  this  reason,  the  density  gradient  in  the  vertical  direction  had  been  greatly  reduced 
from  the  nozzle  exit  levels,  and  the  color  changes  from  the  boundary  layer  to  the  freestream  were 
not  as  intense.  Despite  these  difficulties,  the  estimated  boundary  layer  heights  for  each  of  the  six 
models  based  on  the  color  schlieren  test  location  photographs  are  shown  in  Tkble  6  along  with  the 
heights  calculated  from  the  Pitot  probe  and  LDV  experiments.  With  the  static  pressure  assumed  to  be 
constant  across  the  boundary  layer,  a  schlieren  photograph  shows  essentially  the  thermal  boundary 

layer  height,  St-  The  thermal  boundary  layer  height  is  slightly  larger  than  the  velocity  boundary 
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layer.  This  can  be  seen  by  the  nondimensional  Prandtl  number  given  by 

k  a 

which  is  a  ratio  of  the  momentum  and  thermal  diffusivities  in  a  fluid  [33]  and  is  approximately  0.7 
for  air.  For  laminar  flow,  ^  ~  1.09  [50]. 

As  expected,  the  boundary  layer  height  was  largest  for  the  roughest  surface,  the  20  grit  sandpa¬ 
per,  with  the  boundary  layer  height  decreasing  as  the  roughness  decreases.  As  indicated  in  Tkble  6, 
as  the  sandpaper  roughness  height  increased,  the  boundary  layer  thickness  increased.  However,  the 
machined  rough  plates  exemplify  the  importance  of  blockage.  Both  the  2D  and  3D  surface  rough¬ 
ness  elements  have  the  same  height,  but  the  roughness  density  or  blockage  was  3.9  times  larger  in 
the  2D  plate  case,  which  produced  a  thicker  turbulent  boundary  layer. 

6.1.2  Veloci^  Profiles 

The  velocity  profiles  for  each  of  the  six  models  were  measured  using  Pitot  and  Laser  Doppler 
\blocimetry  (LDV)  at  the  test  location  with  the  flow  conditions  shown  in  Table  5.  The  Pitot  probe 
measures  the  total  mean  pressure  behind  a  normal  shock  and  is  used  to  provide  total  pressure  in¬ 
formation  and  indirectly,  the  streamwise  Mach  number,  velocity,  density,  and  mass  flux  boundary 
layer  profiles.  LDV  measures  (for  this  case)  two  components  of  the  mean  velocity  and  indirectly, 
the  streamwise  Mach  number,  density,  and  mass  flux  boundary  layer  profiles.  The  Pitot  and  LDV 
measurement  techniques  compliment  each  other  providing  verification  of  the  mean  data,  with  LDV 
providing  additional  turbulence  data. 

The  velocity  profiles  for  the  six  models  are  shown  in  Figures  41  through  43.  All  velocity 
profiles  are  presented  with  the  local  velocity  and  boundary  layer  height  nondimensionalized  by 
the  model  specific  freestream  velocity  (u^)  and  boundary  layer  thickness  (5),  respectively.  Table  6 
shows  the  references  velocities,  Mach  numbers,  and  boundary  layer  thicknesses  (both  6  and  8m) 
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for  the  Pitot  and  LDV  measurements.  The  freestream  velocities  measured  using  the  Pitot  and  LDV 
methods  give  identical  results  with  a  difference  of  less  than  1%  between  the  two  methods. 

The  velocity  profiles  estimated  from  the  Pitot  data  are  presented  in  Figure  41.  Also,  the  data 
from  Goddard  [28]  for  smooth  and  rough  plates  at  Mach  2.6  and  from  Fiore  [27]  for  rough  plates  in 
hypersonic  flow  at  Mach  5.54  are  included  for  comparison  (these  velocity  data  were  also  estimated 
using  Pitot  pressure  profiles).  The  velocity  profile  results  show  the  expected,  based  on  the  incom¬ 
pressible  database,  smooth  versus  rough  plate  differences,  with  the  fully  rough  profiles  collapsing 
on  to  a  singular  curve  with  a  larger  velocity  defect  relative  to  the  smooth  plate.  The  data  from  God¬ 
dard  and  Fiore  agree  very  well  with  the  present  experiments,  the  slight  differences  are  primarily 
attributed  to  reading  data  from  Goddard’s  figures.  The  80  grit  Pitot  data  indicates  a  slightly  smaller 
defect  than  the  other  rough  plates.  The  slightly  smaller  defect  relative  to  the  other  rough  plates  may 
be  a  function  of  the  boundary  layer  height  uncertainty  and/or  the  surface  roughness  height.  The  80 
grit  plate  surface  roughness  Reynolds  number  was  found  to  be  kf  =  103.9  which  is  marginally  in 
the  fully-rough  regime  (kf  >  70).  Thus,  factoring  in  the  aforementioned  uncertainties,  it  is  possible 
that  the  80  grit  roughness  elements  are  actually  transitional. 

The  LDV  velocity  profiles  are  shown  in  Figure  42.  The  trend  noticed  for  the  Pitot  probe  data 
are  confirmed  by  the  LDV  velocity  profiles.  Also  included  in  Figure  42  are  the  smooth  wall  LDV 
data  from  Luker  et  al.  [38].  The  agreement  between  this  experiment’s  LDV  data  and  Luker  et 
al.  smooth  plate  data  is  excellent.  This  agreement  shows  the  consistency  of  the  Mach  2.9  tunnel 
and  LDV  equipment,  since  Luker’s  data  was  taken  more  than  two  years  earlier  and  at  a  different 
downstream  location  (44.5  cm  downstream  of  the  nozzle  exit  versus  53.98  cm  for  this  study). 

The  present  Pitot  and  LDV  data  are  combined  in  Figure  43,  excellent  agreement  is  noted  be¬ 
tween  the  two  methods,  though  considerably  more  scatter  was  present  with  the  Pitot  probe.  Since 
the  LDV  velocity  measurement  for  the  80  grit  plate  shows  essentially  the  same  velocity  defect  as  the 
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other  rough  plates,  the  above  mentioned  smaller  defect  indicated  by  the  Pitot  probe  measurement  is 
attributed  to  boundary  layer  height  uncertainty.  The  nonintrusive  nature  of  the  LDV  measurement 
techniques  provide  very  consistent  data  without  the  problems  associated  with  Pitot  measurements 
(i.e.,  PitotANWl  interference  effects,  probe  vibration,  probe  cavity  response  damping,  and  pressure 
probe  flexing).  Though  LDV  does  have  challenges  with  regard  to  seeding  difficulties  and  density 
bias.  The  agreement  between  the  two  measurement  techniques  implies  that  both  techniques  are  suit¬ 
able  as  applied. 

To  better  assess  any  systematic  affects  of  surface  roughness  on  velocity  profiles,  a  new  relative 
velocity  defect  profile  is  defined  as 

-fe)  (174) 

smooth  rough 

The  primary  purpose  of  this  parameter  is  to  help  identify  mean  flow  quantity  differences  between 
the  rough  surface  models;  specifically,  the  effect  of  surface  roughness  height  and  blockage.  The  new 
relative  velocity  defect  profiles  are  shown  in  Figures  44  and  45.  The  Pitot  relative  velocity  defect 
profiles  (Figure  44)  show  considerable  scatter  with  the  80  grit  profile  showing  a  smaller  relative 
defect  as  indicated  above.  The  other  roughness  model  data  show  no  significant  trends  between  sur¬ 
face  roughness  and  the  relative  velocity  defect.  The  LDV  profiles  (Figure  45)  confirm  the  absence 
of  a  systematic  roughness  effect.  Comparing  the  Pitot  and  LDV  profiles  indicates  that  any  variance 
in  the  relative  velocity  defect  profiles  can  be  attributed  to  scatter  and  the  difficulty  in  accurately 
determining  the  boundary  layer  height. 

6.1.3  Mach  Profiles 

The  Mach  profiles  for  each  of  the  six  models  were  measured  using  Pitot  and  LDV  techniques 
at  the  test  location  with  the  flow  conditions  shown  in  Table  5.  The  Mach  profiles  for  the  six  models 
are  shown  in  Figure  46.  All  Mach  profiles  are  presented  with  the  local  Mach  number  and  boundary 
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layer  height  nondimensionalized  by  the  model  specific  freestream  Mach  number  (Mg)  and  Mach 
number  boundary  layer  thickness  (5m)>  respectively  (see  Table  6).  The  freestream  Mach  number 
measured  using  the  Pitot  probe  was  Mg  =  2.75  for  smooth  plate  with  a  decreasing  freestream  Mach 
number  as  surface  roughness  increases  (Table  6  lists  the  freestream  Mach  numbers  for  each  plate). 
The  decrease  in  the  freestream  Mach  number  with  surface  roughness  is  attributed  to  the  increased 
boundary  layer  height  for  the  rough  surface  models.  The  freestream  Mach  number  measured  using 
LDV  was  Me  =  2.80  for  the  smooth  plate.  Again,  showing  a  decrease  in  freestream  Mach  number 
with  increasing  surface  roughness.  The  freestream  Mach  number  values  had  a  difference  of  less 
than  3%  between  the  two  measurement  techniques,  validating  the  assumptions  made  in  reducing 
the  LDV  data  to  give  Mach  number. 

Since  the  velocity  profiles  discussed  above  are  based  on  the  Mach  number  calculated  using 
the  Rayleigh-Pitot  formula  shown  in  Equation  (73)  of  Chapter  4,  the  same  trends  identified  for  the 
Pitot  velocity  profiles  appear  in  the  Mach  profiles.  The  Mach  profile  results  show  the  smooth  versus 
rough  plate  differences,  with  the  fully  rough  profiles  collapsing  on  to  a  singular  curve  with  a  larger 
Mach  defect  relative  to  the  smooth  plate.  Again,  the  80  grit  Pitot  data  indicates  a  slightly  smaller 
Mach  number  defect  than  the  other  rough  plates  attributed  to  boundary  layer  height  uncertainties. 
The  LDV  Mach  profiles  are  based  on  the  velocity  values  directly  measured  by  the  LDV  process 
and  follow  the  same  trends  as  identified  in  the  velocity  profiles.  Finally,  Figure  46  shows  that  Pitot 
and  LDV  measurement  methods  provide  excellent  agreement  for  the  Mach  profiles.  As  with  the 
velocity  profiles,  the  relative  Mach  number  plots  (Figures  47  and  48)  do  not  elucidate  any  systematic 
roughness  effects. 
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6.1.4  Mass  Flux  Profiles 


The  mean  mass  flux  profiles  were  directly  measured  using  x-y  plane  and  x-z  plane  cross-film 
measurements,  and  estimated  with  Pitot  and  LDV  measurements.  Hot-Wire  Anemometry  (HW\)  is 
used  to  relate  film  sensor  voltage  to  mean  and  fluctuating  mass  flux  (for  compressible  flow)  over 
the  sensor.  Using  two  types  of  cross-film  probes,  the  mean  mass  flux  for  each  flow  axis  {x,  y, 
and  z)  was  determined.  As  discussed  in  Section  3. 2.2.3,  each  of  the  x-y  and  x-z  probes  provide 
axial  (a;-direction)  data.  Hence,  direct  comparison  between  the  two  probe  types  are  possible.  The 
streamwise  mass  flux  for  the  Pitot  and  LDV  measurements  were  also  estimated  by  multiplying  the 
density  (see  Section  6.1.5)  and  velocity  values,  and  were  used  to  compare  with  the  streamwise  mass 
flux  found  using  hot-film  probes.  For  the  x-y  plane  cross-film  probe,  the  tunnel  was  operated  at  a 
stagnation  pressure  of  2.17  •  10^  ±  0.4%  Pa  and  a  stagnation  temperature  of  296  ±  1.0  K  and  for 
the  x-z  plane  cross-film  probe,  the  tunnel  was  operated  at  a  stagnation  pressure  of  2.39  •  10®  ±  0.3% 
Pa  and  a  stagnation  temperature  of  296  ±  1.0  iff  (see  Table  5). 

The  streamwise  mean  mass  flux  profiles  found  using  the  x-y  plane  cross-film  probe  are  pre¬ 
sented  in  Figure  49.  All  mean  mass  flux  profiles  are  presented  with  the  local  mass  flux  and  bound¬ 
ary  layer  height  nondimensionalized  by  the  model  specific  freestream  mean  mass  flux  {pu)^ 
and  boundary  layer  thickness  (6),  respectively.  The  streamwise  mean  mass  flux  profile  for  each 
of  the  five  rough  plates  are  virtually  identical  in  the  boundary  layer  with  a  slight  difference  in  the 
freestream.  The  streamwise  mean  mass  flux  profile  for  the  smooth  plate  has  a  smaller  defect  in  the 
boundary  layer  and  a  slightly  larger  defect  just  above  the  boundary  layer.  The  difference  between 
the  smooth  plate  and  rough  surface  plates  are  more  clear  in  the  relative  mass  flux  defect  profiles 


shown  in  Figure  50  with  the  relative  mass  flux  defined  as 


fPjA  f  P^\ 

\P^eJ  smooth  \P^sJ  rough 
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Figure  50  shows  that  the  streamwise  mass  flux  defect  for  the  rough  surface  models  were  4  —  8% 
ioryjS  <  0.5,  and  decreased  toward  the  boundary  layer  edge.  The  36  grit  plate  and  20  grit  plates 
bound  the  streamwise  mass  flux  defect  values  for  all  models  in  the  boundary  layer  indicating  surface 
roughness  size  variation  (assuming  all  models  are  fully-rough)  does  not  affect  the  boundary  layer 
streamwise  mean  mass  flux. 

The  streamwise  mean  mass  flux  profiles  found  using  the  x-z  plane  cross-film  probe  are  pre¬ 
sented  in  Figure  51.  The  streamwise  mean  mass  flux  profiles  found  using  the  x-z  plane  probe  show 
excellent  agreement  with  the  x-y  plane  probe  data  (as  shown  in  Figure  52)  and  follow  the  obser¬ 
vations  made  using  the  x-y  plane  probe  with  a  slightly  larger  degree  of  scatter.  The  larger  scatter 
is  attributed  to  the  probe  geometry  in  which  one  film  sensor  was  positioned  lower  in  the  boundary 
layer  than  the  other.  The  relative  mass  flux  defect  profiles  shown  in  Figure  53  again  show  the  same 
trends  as  that  with  the  x-z  plane  probe,  with  the  streamwise  mass  flux  defect  to  be  2  —  6%  larger 
than  the  smooth  plate  model.  Wth  the  relative  mass  flux  profiles  decreasing  and  crossing  zero  in 
the  boundary  layer  height  range  of  0.5  <y/6  <  1.0.  The  relative  mass  flux  defect  profiles  show 
no  discernible  trends  due  to  surface  roughness  size  variation. 

The  mean  traverse  and  span  mass  flux  profiles  were  also  estimated  from  the  two  cross-film 
probes.  The  cross  film  mean  flow  angles  given  by 

e^y  =  tan-1  and  ^  tan"! 

are  the  for  the  x-y  plane  and  x-z  plane,  respectively  and  are  shown  in  Figures  54  and  55 .  The  vertical 
axis  of  both  figures  are  left  nondimensionalized  to  provide  information  relative  to  the  tunnel.  The 
x-y  plane  flow  angle  profiles  for  each  of  the  six  models  appear  to  have  the  same  general  shape. 
Since  the  angles  are  small,  relative  to  the  freestream,  the  mass  flux  angles  are  attributed  to  slight 
miss-alignment  between  the  probe  in  the  tunnel  and  possible  film  angle  miss-alignment  on  the  probe 
itself.  This  is  also  true  of  the  x-z  plane  mean  mass  flux  angle  profiles. 
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6.1.5  Density  Profiles 

Mean  density  profiles  were  estimated  using  Pitot,  LDY  and  combined  LDV  and  H\NA.  The 
Pitot  mean  density  profiles  were  estimated  using  the  Crocco-Busemann  relation  and  by  the  isen- 
tropic  temperature  -  Mach  relationship  combined  with  the  prefect  gas  relation.  The  LDV  density 
data  was  estimated  from  the  Crocco-Busemann  relation.  Finally,  the  LDV  and  HW\  data  were  com¬ 
bined  to  provide  an  estimate  of  the  Pitot  mean  density  based  on  the  mean  streamwise  mass 
flux  and  the  LDV  mean  velocity  values. 

The  Pitot  mean  density  profiles  for  the  six  models  estimated  using  the  Crocco-Busemann  re¬ 
lation  are  shown  in  Figure  56  and  using  the  isentropic  relation,  in  Figure  57.  Since  both  reduction 
methods  use  either  the  mean  velocity  or  Mach  number  values  to  estimate  the  mean  density,  the 
trends  identified  for  the  mean  velocity  and  Mach  number  profiles  appear  in  the  two  figures.  Fig¬ 
ure  58  combines  the  two  reduction  methods  for  the  Pitot  data  showing  a  clear  trend.  The  Crocco- 
Busemann  method  gives  a  slightly  higher  density  (~  3%)  values  near  the  wall  than  the  isentropic 
method.  While  both  methods  agree  extremely  well  near  the  freestream.  This  difference  can  be  at¬ 
tributed  to  the  assumptions  made  in  using  the  Crocco-Busemann  and  isentropic  methods.  W^th  the 
assumption  of  an  adiabatic  wall,  the  second  term  on  the  RHS  of  Equation  (74)  becomes  zero.  For  a 
non-adiabatic  wall,  the  second  term  is  positive  giving  a  larger  ^  ratio,  and  hence  a  smaller  p  value 
as  compared  to  an  adiabatic  wall.  For  the  isentropic  method,  the  local  mean  density  was  determined 
using  the  isentropic  temperature  -  Mach  relationship  and  the  perfect  gas  equation,  so  an  adiabatic 
wall  assumption  was  not  necessary. 

The  mean  density  profiles  estimated  using  the  combined  HW\  streamwise  mean  mass  flux  and 
LDV  mean  velocity  is  shown  in  Figure  59  along  with  the  Pitot  Crocco-Busemann  density  estimates. 
The  combined  HW\  and  LDV  density  profiles  showed  larger  density  defect  throughout  the  boundary 

layer  with  respect  to  the  Pitot  profiles  with  a  downward  turn  in  the  density  defect  slope  in  the 
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boundary  layer  height  range  of  approximately  0.2  <y/5  <  0.7.  The  differences  between  the  two 
methods  are  within  the  expected  uncertainties  listed  in  Appendix  C. 

6.1.6  Mean  Flow  Statistics  Summary 

Based  on  the  mean  flow  data  collected  using  color  Schlieren,  Pitot,  LDV  and  measure¬ 
ment  techniques,  surfaces  roughness  has  two  significant  effects  on  the  turbulent  boundary  layer. 
First,  surface  roughness  height  and  blockage  had  a  significant  influence  on  density  gradients  in  the 
smooth  nozzle/rough  wall  interface  region,  as  evidenced  by  the  compression  and  expansion  waves 
visible  in  the  nozzle  exit  horizontal  knife  edge  color  schlieren  photographs.  The  compression  and 
expansion  waves  appeared  for  all  three  sand-grain  roughened  surfaces  and  for  the  3D  machined 
roughness  plate.  The  2D  plate,  which  had  four  times  the  blockage  of  the  3D  plate,  showed  no  vis¬ 
ible  waves.  Second,  surface  roughness  increased  the  velocity,  Mach,  mass  flux,  and  density  defect 
profiles  with  a  corresponding  increase  in  the  momentum  loss  across  the  boundary  layer.  For  all  of 
the  rough  surface  plates  (all  in  the  fully  rough  regime),  the  defect  increase  was  identical  (within  ex¬ 
perimental  scatter)  with  no  discernible  influence  due  to  increasing  roughness  height  and  blockage. 

6.2  liirbulent  Flow  Data 

The  turbulent  flow  data  in  this  section  was  acquired  by  Laser  Sheet  Imaging  (LSI),  LDy  and 
Hot-Film  anemometry,  and  is  presented  in  four  subsections.  The  first  subsection  provides  qualitative 
flow  information  based  on  the  LSI  measurements.  The  second  section  contains  the  first  and  second 
order  turbulent  quantities  obtained  from  LDV  and  HVA  experiments.  The  third  section  presents  the 
frequency  resolved  spectra  data  collected  using  the  normal-film  probe.  Finally,  the  fourth  section 
reviews  the  correlation  data  collected  from  the  normal-film  and  parallel-film  measurements. 
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6.2.1  Visualizatioii 


Laser  sheet  images  for  the  six  models  are  shown  in  Figures  60  through  65  with  the  flow  mov¬ 
ing  from  right  to  left  and  the  test  location  marked.  Though  statistical  values  are  not  obtainable  for 
single  images,  each  image  is  evaluated  for  the  location  of  the  lowest  inviscid  penetration  and  high¬ 
est  turbulent  structure  with  the  values  shown  in  Table  7.  Also  listed  in  Table  7  is  the  location  of  the 
lowest  intermittent  structures  relative  to  the  highest,  showing  the  region  of  boundary  layer  intermit- 
tence.  The  images  show  the  relative  heights  and  turbulence  of  the  boundary  layer  for  each  model, 
with  the  smooth  plate  having  the  smallest  boundary  layer  followed  by  the  80  grit,  3D,  2D,  36  grit, 
and  20  grit  plates.  The  boundary  layer  heights  appear  consistent  with  the  Pitot  and  LDV  data.  For 
all  models,  the  lowest  visible  structures  begin  at  approximately  60%  of  the  boundary  layer  height, 
except  for  the  36  grit  plate.  The  36  grit  plate  was  difficult  to  interpret  because  of  a  low  density  of 
seed. 

6.2.2  Hirbulence  Intensities 

\blocity  and  mass  flux  turbulence  intensities  were  measured  using  LDV  and  cross-film  mea¬ 
surements.  The  velocity  turbulence  intensities  were  measured  using  LDV  and  give  an  indication  of 
the  magnitude  of  the  velocity  fluctuations  about  the  mean  flow  velocity.  The  velocity  turbulence 
intensities  for  all  six  models  are  shown  in  Figures  66, 67,  and  68.  Included  in  Figures  67  and  68  are 
smooth  plate  velocity  turbulence  intensities  profiles  from  Luker  [39].  The  agreement  between  the 
present  smooth  plate  results  and  Luker’s  study  was  considered  excellent  (<  1%  difference);  with 
both  sets  of  data  showing  a  freestream  turbulence  intensity  of  less  than  1%.  In  addition,  the  val¬ 
ues  matched  the  trend  shown  by  Klebanoff  [35],  where  the  u-component  turbulence  intensity  was 
smaller  than  the  u-component  as  a  result  of  wall  damping. 
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A  significant  result  of  Figures  67  and  68,  as  indicated  by  the  rough  surface  turbulence  intensity 
profiles,  was  that  the  u-  and  u-component  turbulence  intensities  generated  over  rough  plates  scale 
by  the  local  u-component  mean  velocity  and  boundary  layer  height.  The  rough  plate  velocity  inten¬ 
sities  were  approximately  twice  the  smooth  plate  rate  (beginning  from  the  freestream  and  moving 
downward)  with  the  largest  «-component  velocity  turbulence  intensities  close  to  18%  versus  9% 
for  the  smooth  plate  case.  For  the  u-component  turbulence  intensity,  the  largest  rough  plate  values 
were  approximately  9%  versus  4%  for  the  smooth  place  case. 

Even  though  the  rough  plate  data  scaled  well  with  outer  flow  properties.  Some  differences 
in  the  profiles  did  exist,  to  better  assess  any  systematic  affects  of  surface  roughness  on  turbulent 
quantities,  a  new  relative  difference  variable  was  defined  as 

^4>  —  4'rough  ^smooth  (176) 

where  ^  is  an  arbitrary  nondimensionalized  flow  variable.  TVvo  types  of  plots  for  each  flow  variable 
of  interest  are  shown.  The  first  is  the  relative  difference  variable  profile  and  the  second  is  the  peak 
relative  difference  variable  plotted  versus  the  roughness  Reynolds  number  (kf).  To  evaluate  terms, 
such  as,  velocity  turbulence  intensities  and  kinematic  Reynolds  shear  stress,  where  no  identifiable 
peak  value  exists  (other  than  at  the  lowest  boundary  layer  position),  the  flow  variable  at  y/6  =  0.4 
was  plotted  versus  roughness  Reynolds  number. 

The  u-component  turbulence  intensity  difference,  A^/,  (scaled  by  the  local  mean  streamwise 
velocity)  for  the  five  rough  surface  models  is  shown  in  Figure  69.  In  the  near  wall  region,  the  tur¬ 
bulence  intensity  difference  increased  with  increasing  surface  roughness  height  shown  by  the  36 
and  20  grit  turbulence  intensity  differences  versus  the  80  grit  value.  The  36  and  20  grit  sandpaper 
models  gave  almost  identical  values  throughout  the  boundary  layer.  Increasing  surface  roughness 
blockage  also  increased  the  turbulence  intensity  difference  as  indicated  by  the  larger  difference  val¬ 
ues  for  the  2D  machined  plate  relative  to  the  3D  plate. 
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In  the  outer  boundary  layer  region,  the  smallest  surface  roughness  models  (80  grit  and  3D 
plates)  showed  a  turbulence  intensity  difference  increase,  while  the  large  roughness  models  (36 
grit,  20  grit,  and  2D  plates)  showed  a  decrease.  The  outer  region  boundary  layer  values  were  very 
sensitive  to  the  boundary  layer  height  value.  If  the  smooth  plate  boundary  layer  height  increases 
slightly,  the  smooth  plate  turbulence  intensity  profile  shifts  downward  and  all  roughness  models  will 
show  a  positive  turbulence  intensity  difference  through  out  the  boundary  layer. 

As  mentioned  earlier,  the  sand-grain  roughness  models  give  an  indication  of  how  roughness 
height  affects  flow  variables,  and  the  uniformly  distributed  surface  roughness  elements  give  an  indi¬ 
cation  of  how  roughness  blockage  affects  flow  variables.  Figure  71  shows  the  u-  and  u-component 
turbulence  intensity  difference  versus  roughness  Reynolds  number  at  a  boundary  layer  location  of 
yjb  =  0.4.  The  sand-grain  roughness  turbulence  intensity  difference  data  points  were  fit  with  a 
logarithmic  curve  indicating  that  an  increasing  roughness  height  increased  the  turbulence  intensity, 
though  only  slightly.  The  slope  of  the  sand-grain  curve  fits  are  shown  in  Table  8  indicating  the  rate  at 

which  roughness  Reynolds  number  increases  turbulence  intensity.  The  rate  of  increase  of  turbulence 

\ 

intensity  is  higher  for  the  u-component  rather  than  the  u-component.  Comparison  of  the  3D  and  2D 
roughness  model  results  also  show  that  increasing  blockage,  increases  the  turbulence  intensity. 

The  mass  flux  turbulence  intensities  measured  with  cross-film  HW\  are  shown  in  Figures  72 
through  74.  Recall,  hot-film  measurements  are  based  upon  the  Nusselt  number  -  Reynolds  number 
relationship  outlined  in  Chapter  4.  Assuming  the  heat  flux  from  the  wire  to  the  freestream  air  flow 
is  in  equilibrium,  the  film  sensor  voltage  can  be  related  to  the  film  diameter  effective  Reynolds 
number.  For  incompressible  flow,  HWA  gives  velocity  information  and  for  compressible  flow,  mass 
flux  (/!m)  information. 

The  /m-component  of  the  mass  flux  turbulence  intensity  measured  by  the  x-y  plane  cross-film 

probe  is  shown  in  Figure  72.  From  the  cross-film  data,  it  is  apparent  that  the  mass  flux  turbulence 
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intensity  did  not  scale  by  the  local  mean  quantity  as  was  the  case  for  the  u-  and  u-component  turbu¬ 
lence  intensities  measured  by  LDV  Based  on  the  x-y  plane  cross-film  probe,  the  mass  flux  turbu¬ 
lence  intensities  for  each  of  the  six  models  reach  a  maximum  value  at  approximately  y/6  =  0.6— 0.8. 
The  smooth  plate  pw-turbulence  intensity  maximum  is  approximately  0.12,  with  the  80  grit  plate 
at  0.15  (a  21%  increase),  the  3D  plate  at  0.16  (a  29%  increase),  the  2D  at  0.165  (a  35%  increase), 
the  36  grit  at  0.175  (a  43%  increase),  and  the  20  grit  at  0.18  (a  49%  increase).  Unlike  the  veloc¬ 
ity  turbulence  intensities,  the  mass  flux  intensities  (including  pu-,  pv-,  and  /cw-components)  do  not 
reach  the  freestream  value  near  y/6  =  1.0.  This  is  an  indication  that  the  thermal  boundary  layer 
is  thicker  than  the  velocity  boundary,  since  the  density  fluctuations  captured  by  HW\  mass  flux 
turbulence  intensities  extend  beyond  the  velocity  boundary  layer  thickness  given  by  The  cross¬ 
film  measurements  have  a  freestream  p«-turbulence  intensity  of  approximately  3  —  4%  with  the 
freestream  value  increasing  slightly  with  increasing  roughness  height  and  roughness  blockage.  The 
higher  freestream  turbulence  intensity  values  could  be  the  result  of  the  compression  and  expansion 
wave  effects  on  the  freestream  or  due  to  probe  resolution. 

The  /w-component  of  the  mass  flux  turbulence  intensity  measured  by  the  x-y  plane  cross¬ 
film  probe  is  shown  in  Figure  73.  The  /w-turbulence  intensity  also  does  not  scale  by  the  local 
mean  quantity.  The  pu-turbulence  intensities  for  each  of  the  six  models  reach  a  maximum  value  at 
the  lowest  probe  position  in  the  boundary  layer,  though  the  largest  roughness  height  and  blockage 
models  (the  20  grit  and  2D  plates,  respectively)  begin  to  show  a  down  turn  in  the  turbulence  intensity 
values  near  the  wall.  The  smooth  plate  /w-turbulence  intensity  maximum  is  approximately  0.083, 
with  the  80  grit  plate  at  0.107  (a  29%  increase),  the  3D  plate  at  0.114  (a  37%  increase),  the  2D 
at  0.115  (a  39%  increase),  the  36  grit  at  0.132  (a  59%  increase),  and  the  20  grit  at  0.132  (a  59% 
increase). 
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The  /)to-component  of  the  mass  flux  turbulence  intensity  measured  by  the  x-z  plane  cross¬ 
film  probe  is  shown  in  Figure  74.  The  pie-turbulence  intensity  also  does  not  scale  by  the  local 
mean  quantity.  The  pio-turbulence  intensities  for  each  of  the  six  models  reach  a  maximum  value  at 
the  lowest  probe  position,  but  unlike  the  pt;-turbulence  intensity,  the  largest  roughness  height  and 
blockage  models  (the  20  grit  and  2D  plates,  respectively)  do  not  show  a  down  turn  in  the  turbulence 
intensity  values  near  the  wall.  The  smooth  plate  /w-turbulence  intensity  maximum  is  approximately 
0.092,  with  the  80  grit  plate  at  0.127  (a  39%  increase),  the  3D  plate  at  0.144  (a  57%  increase),  the 
2D  at  0.155  (a  69%  increase),  the  36  grit  at  0.162  (a  77%  increase),  and  the  20  grit  at  0.182  (a  100% 
increase). 

The  mass  flux  turbulence  intensity  (including  pu-,  pv-,  and  /w-components)  was  scaled  by  in¬ 
ner  variables  (wall  density  and  friction  velocity)  and  the  results  are  shown  in  Figure  75, 76,  and  77. 
As  compared  to  the  local  quantity  scaling,  the  inner  or  wall  scaling  does  a  better  job  collapsing  the 
rough  surface  plate  /im-component  results  with  the  mid  to  lower  boundary  layer  region  (y/ ^  >  0.8) 
values  within  5%  of  each  other.  Though  the  data  scales  well  with  the  wall  density  and  friction  ve¬ 
locity,  some  systematic  differences  do  occur,  which  should  be  expected  since  the  friction  velocity 
represents  a  momentum  loss  and  not  a  mass  flux  loss.  Both  increasing  roughness  height  and  block¬ 
age  results  in  increasing  pu-component  mass  flux  intensities  scaled  by  wall  quantities.  The  wall 
scaling  does  not  collapse  the  pv-  and  /arw-components  of  the  mass  flux  turbulence  intensity. 

The  pu-,  pv-,  and  pin-component  turbulence  intensity  differences,  A(p*)/,  (scaled  by  the  local 
mean  streamwise  mass  flux)  for  the  five  rough  surface  models  are  shown  in  Figures  78, 79,  and  80, 
respectively.  All  three  profiles  show  increasing  mass  flux  turbulence  intensity  as  a  result  of  surface 
roughness.  The  peak  mass  flux  turbulence  intensity  differences  versus  roughness  Reynolds  num¬ 
ber  are  shown  in  Figure  81.  The  sand-grain  roughness  mass  flux  turbulence  intensity  difiference 

data  points  were  fit  with  a  line  indicating  that  increasing  roughness  height,  increased  the  mass  flux 
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turbulence  intensity  linearly.  The  3D  and  2D  roughness  models  also  show  that  increasing  block¬ 
age,  increases  the  turbulence  intensity.  The  largest  affect  of  roughness  height  and  blockage  is  in  the 
/9w-component,  then  the  /nt-component,  and  finally,  the  pv-component.  The  piu-turbulence  inten¬ 
sity  difference  had  the  largest  rate  of  increase  with  regard  to  the  roughness  Reynolds  number  with 
=  0.00011  or  ^ =  0.013  over  the  smooth  plate  case.  This  may  appear  as  a  small 
slope,  however,  for  the  largest  roughness  height  (the  20  grit  plate)  this  is  a  100%  increase  over  the 
smooth  plate  value.  The  and  percent  increase  values  for  each  plate  and  mass  flux 

turbulence  intensity  are  presented  in  Table  8.  The  pu-turbulence  intensity  difference  is  the  second 
largest  with  a  rate  of  increase  of  =  0.000073  or  ‘  —  =  0.006  over  the  smooth  plate  case. 

The  pu-turbulence  intensity  difference  rate  of  increase  is  =  0.000056  or  %  =  0.003 

over  the  smooth  plate  case.  The  large  increase  of  the  pu;-component  over  the  pu-component  is  at¬ 
tributed  to  the  wall  damping  effect  for  the  traverse  component  not  “felt”  by  the  lateral  component 
mass  flux  turbulence  intensity. 

6.2.3  Fluctuating  Mach  Number 

The  fluctuating  Mach  number  for  each  of  the  six  models  was  estimated  based  on  LDV  data 
(see  Chapter  4)  and  shown  in  Figure  82  along  with  smooth  plate  fluctuating  Mach  data  by  Luker 
[39].  The  smooth  plate  fluctuating  Mach  number  measured  by  Luker  is  slightly  higher  than  that 
measured  in  this  experiment  by  approximately  4%  in  the  boundary  layer.  As  seen  in  the  figure, 
the  fluctuating  Mach  number  for  each  of  the  plates  was  well  below  one,  confirming  the  lack  of 
turbulence  generated  local  “shocklets.”  The  freestream  fluctuating  Mach  number  was  M'  «  0.06 
with  the  fluctuating  Mach  number  increasing  in  the  region  from  y/6  =  1.4  down  to  0.6.  Below 
y/6  =  0.6,  the  fluctuating  Mach  number  remains  relatively  constant  with  the  magnitude  dependent 
on  the  roughness  height  and  blockage. 
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The  effect  of  roughness  height  and  blockage  is  more  clearly  seen  in  Figure  83  which  shows 
the  fluctuating  Mach  number  difference,  Am',  for  each  of  the  six  models  and  Figure  84  which 
shows  the  fluctuating  Mach  number  difference  versus  the  roughness  Reynolds  number  aty/6  =  0.4. 
The  sand-grain  roughness  models  showed  a  logarithmic  relationship  between  the  fluctuating  Mach 
number  difference  and  roughness  Reynolds  number  (i.e.,  Am'  ~  Aln(A:j‘ )  with  A  «  0.0106).  The 
80,  36,  and  20  grit  plates  showed  increases  of  0.022, 0.036,  and  0.040  or  8.2%,  13.3%,  and  14.8%, 
respectively.  An  increase  in  roughness  blockage  or  density  also  increased  the  fluctuating  Mach 
number.  The  3D  and  2D  roughness  plates  showed  increases  of  0.023  and  0.027  or  8.5%,  and  10.0%, 
respectively.  The  fluctuating  Mach  number  decreased  near  the  beginning  of  the  intermittency  region 
until  a  freestream  fluctuating  Mach  number  of  M'  «  0.06  was  reached.  This  general  shape  is 
consistent  for  all  models  with  the  exception  of  the  3D  and  80  grit  models  which  have  a  slightly 
raised  profile  attributed  to  the  slightly  higher  M/M^  values. 

6.2.4  Shear  Stress 

The  kinematic  Reynolds  shear  stresses  and  mass  flux  shear  stresses  were  found  from  LDV  and 
cross-film  measurements.  The  kinematic  Reynolds  shear  stress  scaled  by  the  square  of  the  local 
mean  streamwise  velocity  measured  using  LDV  is  shown  in  Figure  85.  Flat  plate  LDA  measure¬ 
ments  from  Luker  [39]  and  cross-wire  measurements  from  Miller  [41]  are  included  for  comparison. 
The  present  smooth  plate  LDV  results  overlap  with  the  data  collected  by  Luker  and  Miller.  The 
smooth  plate  kinematic  Reynolds  shear  stress  reaches  a  maximum  value  of  approximately  0.002, 
while  the  rough  surface  plates  each  reach  0.0077,  an  increase  of  285%.  As  was  the  case  for  the  ve¬ 
locity  turbulence  intensities,  the  kinematic  Reynolds  shear  stress  for  each  roughness  model  scales 
by  the  local  mean  streamwise  velocity.  Some  scatter  occurs  among  the  rough  model  incompress¬ 
ible  Reynolds  shear  stress  profiles.  This  is  attributed  to  the  second  order  nature  of  the  shear  stress 
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term  and  the  associated  larger  errors  relative  to  first  order  turbulent  quantities  (see  Appendix  C  for 
uncertainty  analysis). 

Figure  86  shows  the  kinematic  Reynolds  shear  stress  difference,  profile  for  each  of  the 
six  models,  and  Figure  87  shows  the  kinematic  Reynolds  shear  stress  difference  versus  the  roughness 
Reynolds  number  at  =  0.4.  As  with  the  velocity  turbulence  intensities,  also  measured  using 
LDy  for  fully  rough  flow,  the  kinematic  Reynolds  shear  stress  remained  fairly  constant  across  a  large 
range  of  roughness  Reynolds  numbers.  The  sand-grain  roughness  models  (indicating  sensitivity 
to  roughness  height)  show  a  logarithmic  relationship  between  the  kinematic  Reynolds  shear  stress 
difference  and  roughness  Reynolds  number  with  a  proportion  of  A^'v'  ~  ■41n(A:+)  with  a  very 
small  slope  of  A  «  4.8  •  10“^  (see  Table  8).  The  2D  and  3D  roughness  followed  the  trend  of  the 
sand-grain  roughness  models. 

The  kinematic  Reynolds  shear  stress  was  also  scaled  by  the  wall  shear  stress  and  is  shown  in 
Figure  88  along  with  smooth  plate  LDV  measurements  from  Luker  [39]  and  cross-wire  measure¬ 
ments  from  Miller  [41].  The  agreement  between  the  three  sets  of  data  (present  LDy  Luker,  and 
Miller)  is  consider  good  with  the  smooth  plate  data  reaching  near  1.0  if  extrapolated  to  the  wall.  In 
the  outer  boundary  layer  region,  the  smooth  plate  data  from  this  study  gives  slightly  higher  values 
for  the  kinematic  Reynolds  shear  stress  than  does  data  from  Luker;  again  the  likely  cause  is  bound¬ 
ary  layer  height  uncertainties. 

The  incompressible  Reynolds  shear  stress  measurements  for  this  study  were  scaled  by  the  wall 
shear  stress  found  in  Flowfield  Analysis  section  of  this  chapter.  All  profiles  tend  toward  the  wall 

shear  stress  as  expected  based  on  the  smooth  flat  plate  relationship  [8] 

T  I  ^  nnn\ 

Tw  =  T^y  +  (177) 

but  do  not  fully  reach  the  expected  value  of  1.0  at  the  wall  (except  the  smooth  plate  case).  In  the 
logarithmic  region  of  the  boundary  layer,  r'^y  /x||,  so  r'^y  ~  Typically,  the  Favre-averaged 
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shear  stress,  —'pu"v",  is  assumed  to  be  equal  to  the  kinematic  Reynolds  shear  stress  term  [12];  thus, 
Tiu  ~  —'pu'v'.  The  compressibility  effects  due  to  roughness  may  cause  the  density  fluctuation  terms 
of  the  compressible  Reynolds  shear  stress  to  be  larger.  In  addition,  the  wall  shear  stress  found  using 
the  momentum  loss  over  the  boundary  layer  length  takes  into  account  the  form  drag  of  the  protruding 
roughness  elements,  where  the  measured  u'v'  term  does  not.  Based  on  the  velocity  defect  profiles 
shown  in  Figures  160  and  162,  the  wall  shear  stress  values  calculated  using  the  integral  analysis 
were  deemed  accurate.  So  the  difference  between  Tw  and  "pu'v'  \near  wall  gives  an  indication  of  the 
magnitude  of  the  form  drag.  The  relatively  large  amount  of  scatter  in  a  plot  such  as  Figure  88  makes 
quantifying  the  form  drag  very  difficult.  However,  as  expected,  the  two  uniformly  distributed  rough 
surface  plate  data  indicates  that  the  higher  blockage  of  the  2D  plate  produced  significantly  more 
form  drag  (50%  of  Tu,)  as  compared  to  the  3D  plate  (26%).  No  discernible  trend  was  noticed  in  the 
sand-grain  roughness  plate  results. 

The  kinematic  Reynolds  shear  stress  difference,  Apu'v' ,  (nondimensionalized  by  the  wall  shear 
stress)  is  shown  in  Figure  89,  and  the  difference  versus  the  roughness  Reynolds  number  at  y/S  = 
0.4  is  shown  in  Figure  90.  The  sand-grain  roughness  models  (indicating  sensitivity  to  roughness 
height)  show  a  decreasing  logarithmic  relationship  between  the  kinematic  shear  stress  difference 
and  roughness  Reynolds  number  with  a  proportion  of  ~  A  ln(fe+ )  with  A  «  —0.091  •  10”®. 

Indicating  that  increasing  roughness  height  increases  the  wall  shear  stress  at  a  greater  rate  than  the 
kinematic  Reynolds  shear  stress  (pu'v'),  since  u'v'  has  been  shown  to  be  fairly  constant  over  a  large 
range  of  roughness  Reynolds  numbers.  Aty/S  =  0.4,  effects  of  blockage  appear  to  be  the  opposite 
of  roughness  height;  however,  &iy/6  =  0.4,  the  2D  and  3D  plate,  pu'v'  values  are  very  close  with 
the  2D  plate  having  a  considerably  decreased  value  near  the  wall  (as  indicated  in  Figure  76).  So 
increasing  blockage  also  increases  the  wall  shear  stress  at  a  greater  rate  than  the  kinematic  Reynolds 
shear  stress. 
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The  x-y  plane  turbulent  mass  flux  shear  stress  measured  by  the  x-y  plane  cross-film  probe  is 
shown  in  Figure  91.  Like  the  mass  flux  turbulence  intensity,  the  mass  flux  shear  stress  did  not  scale 
by  the  local  mean  quantity  as  was  the  case  for  the  kinematic  Reynolds  shear  stress  measured  using 
LDY  The  x-y  plane  mass  flux  shear  stress  for  each  of  the  six  models  reached  a  maximum  value 
between  y/6  =  0.S  —  0.7.  The  smooth  plate  x-y  plane  shear  stress  maximum  was  0.0043,  with  the 
80  grit  plate  at  0.0068  (a  59%  increase),  the  3D  plate  at  0.0066  (a  55%  increase),  the  2D  plate  at 
0.0071  (a  66%  increase),  the  36  grit  plate  at  0.0085  (a  99%  increase),  and  the  20  grit  plate  at  0.009 
(a  111%  increase).  The  20  grit  and  2D  plate  x-y  plane  mass  flux  shear  stress  values  decrease  after 
reaching  their  peak  values.  Again  the  x-y  plane  mass  flux  shear  stress,  does  not  reach  the  freestream 
value  near  y/S  =  1.0  indicating  that  the  thermal  boundary  layer  is  thicker  than  the  velocity  boundary. 
The  cross-film  measurements  have  a  freestream  x-y  plane  mass  flux  shear  stress  of  ~  0.001;  this 
value  represents  the  probe  resolution  limit. 

The  x-z  plane  mass  flux  shear  stress  measured  by  the  x-z  plane  cross-film  probe  is  shown  in 
Figure  92.  Again  the  mass  flux  shear  stress  did  not  scale  by  the  local  mean  quantity.  Unlike  the  x-y 
plane  mass  flux  shear  stress,  the  x-z  plane  values  did  not  reach  a  peak,  but  increased  continuously 
with  decreasing  boundary  layer  height.  In  the  near  wall  region,  the  smooth  plate  x-z  plane  shear 
stress  maximum  was  0.0038,  with  the  80  grit  plate  at  0.009  (a  141%  increase),  the  3D  plate  at 
0.0015  (a  300%  increase),  the  2D  plate  at  0.00.19  (a  399%  increase),  the  36  grit  plate  at  0.020  (a 
433%  increase),  and  the  20  grit  plate  at  0.0274  (a  631%  increase).  Unlike  the  x-y  plane  mass  flux 
shear  stress,  the  x-z  plane  mass  flux  shear  stress  does  reach  the  freestream  value  near  yjS  =  1.0. 
The  cross-film  measurements  have  a  freestream  x-z  plane  shear  stress  of  ~  0.001. 

The  x-y  plane  and  x-z  plane  turbulent  mass  flux  shear  stress  scaled  by  the  wall  density  and 
wall  shear  stress  are  shown  in  Figures  93  and  94,  respectively.  Again,  the  inner  or  wall  scaling 

does  a  better  job  at  collapsing  the  rough  surface  plate  x-y  plane  turbulent  mass  flux  shear  stress 
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as  compared  to  the  local  quantity  scaling.  However,  the  results  do  show  that  increasing  roughness 
height  and  blockage  increased  the  x-y  plane  peak  turbulent  mass  flux  shear  stress.  For  the  x-y  plane 
turbulent  mass  flux  shear  stress,  when  scaled  by  local  quantities,  the  2D  machined  and  20  grit  plates 
reach  peak  values  near  ~  0.7.  When  scaled  by  wall  density  and  wall  shear  stress,  the  a:-y  plane 
turbulent  mass  flux  shear  stress,  for  all  plates,  reaches  a  peak  value  near  y/6  =  0.6  —  0.8.  The  wall 
scaling  does  not  collapse  the  x-z  plane  turbulent  mass  flux  shear  stress. 

The  x-y  and  x-z  plane  mass  flux  shear  stress  differences,  (scaled  by  the  local 

mean  streamwise  mass  flux)  for  the  five  rough  surface  models  are  shown  in  Figures  95  and  96, 
respectively.  Both  figures  show  increasing  mass  flux  shear  stress  as  a  result  of  surface  roughness. 
The  peak  mass  flux  shear  stress  differences  versus  roughness  Re5molds  number  are  shown  in  Figure 
97.  The  sand-grain  roughness  mass  flux  shear  stress  difference  data  points  were  fit  with  a  line 
indicating  that  increasing  roughness  height,  increased  the  mass  flux  shear  stress  linearly.  The  3D 
and  2D  roughness  models  also  showed  that  increasing  blockage,  increased  the  mass  flux  shear  stress. 
The  effect  of  surface  roughness  height  and  blockage  had  a  significantly  larger  effect  on  the  x-z  plane 
mass  flux  shear  stress  compared  to  the  x-y  plane  values  with  a  rate  of  increase  of  = 

3.7  •  10“^  compared  to  =  5.6  •  10”®  for  the  x-y  plane  case  (see  Table  8).  This  result  is 

diCs 

reasonable,  since  the  /nu-component  turbulence  intensity  was  shown  to  increase  significantly  with 
increased  roughness  height  and  blockage  (see  the  Turbulence  Intensities  subsection  above  or  Figure 
81)  as  compared  to  the  pu-  and  pu-component  turbulence  intensities. 

Combining  HW\  and  LDV  measurements  allows  the  estimation  of  the  second  term  of  the 
compressible  Reynolds  shear  stress,  (density-transverse  velocity  correlation),  which  is  equal  to 
the  negative  of  the  Favre  averaged  velocity  fluctuation,  ^  and  is  shown  in  Figure  101.  Since  the 
density-transverse  velocity  correlation  is  a  combination  of  the  kinematic  Reynolds  and  a:-y  plane 

turbulent  mass  flux  shear  stresses  and  the  kinematic  Reynolds  shear  stress  has  a  relatively  constant 

94 


profile  for  fully  rough  surfaces,  the  density-traverse  velocity  correlation  exhibits  all  of  the  traits  of 
the  turbulent  mass  flux  shear  stress.  The  density-traverse  velocity  correlation  for  each  of  the  six 
models  reaches  a  maximum  value  between  yjb  =  0.4  -  0.7.  The  smooth  plate  density-traverse 
velocity  correlation  maximum  is  —0.0034,  with  the  80  grit  plate  at  —0.0044  (a  29%  increase),  the 
3D  plate  at  —0.0044  (a  29%  increase),  the  2D  plate  at  —0.006  (a  76%  increase),  the  36  grit  plate  at 
-0.006  (a  76%  increase),  and  the  20  grit  plate  at  -0.0081  (a  138%  increase).  Like  the  x-y  plane 
turbulent  mass  flux  shear  stress,  the  20  grit  and  2D  plate  density-traverse  velocity  correlation  values 
decrease  after  reaching  their  peak  values. 

The  density-traverse  velocity  correlation  difference,  (scaled  by  the  local  mean  stream- 
wise  mass  flux)  for  the  five  rough  surface  models  are  shown  in  Figure  102.  The  peak  density- 

c 

traverse  velocity  correlation  differences  versus  roughness  Reynolds  number  are  shown  in  Figure 
103.  The  sand-grain  roughness  density-traverse  velocity  correlation  difference  data  points  were  fit 
with  a  line  indicating  that  increasing  roughness  height  increased  the  correlation  linearly.  The  3D 
and  2D  roughness  models  also  show  that  increasing  blockage,  increased  the  turbulence  intensity. 
The  rate  of  increase  for  the  difference  is  =  8.1  ■  10“®  (see  Table  8). 

6A.5  lUrbuIent  Kinetic  Enei^ 

Figure  104  shows  the  turbulent  kinetic  energy  scaled  by  the  square  of  the  local  downstream 
mean  velocity.  The  turbulent  kinetic  energy  for  the  smooth  plate  case  agrees  with  data  collected 
by  Luker  [39].  The  rough  plate  turbulent  kinetic  energies  were  significantly  larger  than  the  smooth 
plate  case  by  as  much  as  six  times  in  magnitude  near  the  wall  boundary.  The  turbulent  kinetic  en¬ 
ergy  for  the  rough  plates  scales  with  the  local  mean  quantities.  To  identify  any  differences  in  the 
fully  rough  flow  turbulent  kinetic  energy  with  regard  to  roughness  height  and  blockage,  the  turbu¬ 
lent  kinetic  energy  difference,  was  calculated  with  the  results  shown  in  Figure  105.  The 
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turbulent  kinetic  energy  difference  versus  roughness  Reynolds  number  for  each  of  the  rough  sur¬ 
face  models  at  y/5  =  0.4  is  shown  in  Figure  106.  As  with  the  velocity  turbulence  intensities,  for 
fully  rough  flow,  the  turbulent  kinetic  energy  remained  fairly  constant  across  a  laige  range  of  rough¬ 
ness  Reynolds  numbers;  indicating  that  the  roughness  height  and  blockage  (once  the  surface  is  fully 
rough)  have  only  a  small  affect  on  the  turbulent  kinetic  energy.  The  sand-grain  roughness  mod¬ 
els  show  a  logarithmic  relationship  between  the  turbulent  kinetic  energy  difference  and  roughness 
Reynolds  number  with  a  proportion  of  Atke  ~  Aln(A:+ )  with  a  slope  of  A  w  0.00076. 

Figure  107  shows  the  compressible  turbulent  kinetic  energy  scaled  by  the  square  of  the  local 
mean  streamwise  mass  flux.  As  was  the  case  for  the  mass  flux  turbulence  intensities,  the  compress¬ 
ible  turbulent  kinetic  energy  does  not  scale  by  the  local  mean  quantity.  The  compressible  turbulent 
kinetic  energy  for  each  of  the  six  models  reaches  a  maximum  value  at  the  lowest  probe  position  in 
the  boundary  layer.  The  smooth  plate  compressible  turbulent  kinetic  energy  maximum  is  approx¬ 
imately  0.013,  with  the  80  grit  plate  at  0.023  (a  73%  increase),  the  3D  plate  at  0.027  (a  103%  in¬ 
crease),  the  2D  plate  at  0.029  (a  121%  increase),  the  36  grit  plate  at  0.035  (a  164%  increase),  and 
the  20  grit  plate  at  0.041  (a  207%  increase). 

The  compressible  turbulent  kinetic  energy  difference,  Atk Eci  (scaled  by  the  local  mean  stream- 
wise  mass  flux)  for  the  five  rough  surface  models  are  shown  in  Figure  108.  The  peak  turbulent 
kinetic  energy  differences  versus  roughness  Reynolds  number  are  shown  in  Figure  109.  The  sand- 
grain  roughness  compressible  turbulent  kinetic  energy  difference  values  were  fit  with  a  line  indi¬ 
cating  an  increasing  roughness  height,  increases  the  compressible  turbulent  kinetic  energy  linearly. 
The  3D  and  2D  roughness  models  also  show  increasing  blockage,  increases  the  compressible  tur¬ 
bulent  kinetic  energy.  The  compressible  turbulent  kinetic  energy  difference  rate  of  increase  with 
respect  to  roughness  Reynolds  number  is  =  0.000037  (see  Table  8). 
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6.2.6  Intermittency 

Figure  98  shows  the  intermittency  function,  7„,  profiles  for  each  of  the  six  models  estimated 
from  the  LDV  flatness  (third  order  velocity  correlation).  The  intermittency  function  for  the  smooth 
plate  case  by  Luker  [39]  is  included  in  the  figure.  The  agreement  of  this  studies  smooth  plate 
intermittency  with  Luker’s  data  is  consider  good  with  the  present  study  giving  slightly  larger  values 
in  the  mid-boundary  layer  region.  To  identify  any  differences  in  the  fully  rough  flow  intermittency 
function  with  regard  to  roughness  height  and  blockage,  the  intermittency  difference,  profiles 
are  shown  in  Figure  99.  The  intermittency  difference  versus  roughness  Reynolds  number  for  each  of 
the  rough  surface  models  at  y/6  =  0.4  is  shown  in  100.  Based  on  the  intermittency  difference,  the 
surface  roughness  only  has  an  effect  in  the  near  wall  region  (y/6  <  0.4)  with  a  slightly  increasing 
intermittency  function  (7)  for  increasing  roughness  height  and  blockage. 

6.2.7  Ibrbulent  Statistical  Quantities  Summary 

Based  on  the  LDV  and  HW\  turbulence  measurements,  three  overriding  trends  regarding  tur¬ 
bulence  data  are  apparent.  First,  the  fluctuation  quantities  that  do  not  include  density  fluctuations 
(i.e.,  velocity  turbulence  intensities,  fluctuating  Mach  number,  kinematic  Reynolds  shear  stress,  tur¬ 
bulent  kinetic  energy,  and  intermittency)  scale  with  the  local  mean  flow  quantities.  The  fluctuating 
quantities  have  a  weak  dependence  on  roughness  height  and  blockage  for  fully  rough  surfaces  and 
are  proportional  to  ln(A:j' ).  Second,  terms  including  density  fluctuations  do  not  scale  with  the  lo¬ 
cal  mean  flow  quantities  and  are  significantly  affected  by  roughness  height  and  blockage.  For  fully 
rough  surfaces,  the  roughness  height  and  blockage  directly  affect  density  fluctuations  appearing  in 
the  mass  flux  turbulence  intensities,  mass  flux  shear  stresses,  density-traverse  velocity  correlation, 
and  the  compressible  turbulent  kinetic  energy.  For  the  sand-grain  roughnesses,  a  linear  dependence 
was  found  (over  the  present  range  of  roughness  Reynolds  numbers,  kf ).  Third,  the  streamwise  mass 
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flux  turbulence  intensity  and  shear  stress  scale  reasonably  well  with  the  wall  density,  friction  veloc¬ 
ity,  and  wall  shear  stress.  The  implications  of  this  are  that  rough  surface  turbulence  models  used  for 
compressible  flows  need  to  include  a  compressibility  correction  if  the  Reynolds-averaged  approach 
is  used.  In  addition,  even  though  the  Farve-averaged  form  of  the  Navier-Stokes  equation  does  not 
explicitly  include  the  density-traverse  velocity  correlation,  the  correlation,  in  the  form  of  the  tra¬ 
verse  velocity  fluctuation,  if,  enters  the  Favre-averaged  turbulent  shear  stress  transport  equation 
through  the  pressure  work  production  term, 

6.2.8  Power  Spectra 

A  normal-film  probe  was  used  to  collect  the  frequency  resolved  spectra  at  three  locations  over 
each  of  the  six  models,  v/Sm  =  0.25,  0.50,  and  0.75  (designated  lower,  middle,  and  upper).  The 
frequency  resolved  measurements  provide  information  on  the  distribution  of  turbulent  mass  flux 
power  over  a  range  of  frequencies  from  1  kHz  to  the  normal-film  frequency  response  of  130  kHz. 
For  all  frequency  resolved  spectra  measurements,  the  tunnel  was  operated  at  a  stagnation  pressure 
of  2.41  •  10®  ±  0.2%  Pa  and  a  stagnation  temperature  of  296  ±  1.0  K  (see  Table  5).  The  frequency 
spectra  data  is  presented  in  four  formats. 

The  first  format  is  the  dimensional  power  spectra  given  by  {pu)'^  =  {pu)''^{freq)  with  units 
of  ,  which  gives  an  indication  of  the  overall  turbulent  power  spectra  distribution  across  the 

boundary  layer  for  each  of  the  six  models.  To  identify  trends  in  the  dimensional  power  spectra,  the 
second  format  presents  the  difference  with  respect  to  the  outer  boundary  layer  position  as  given  by 

fory/d  =  0.25  and  0.50.  The  third  format  is  the  power  spectra  data  normalized  by  the  mass  flux 
variance,  which  gives  a  %  indication  of  the  how  the  available  turbulent  mass  flux  power  is  frequency 
distributed  (with  lower  frequencies  associated  with  larger  flow  structures  and  vice-versa).  Finally, 
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the  fourth  format  is  the  square  root  of  the  power  spectra  difference  normalized  by  the  mass  flux 


standard  deviation  given  by  _  _ 

{fmy‘^{freq) 

This  format  gives  an  indication  of  the  affect  of  roughness  height  and  blockage  on  the  distribution  of 
turbulence  intensity  power  over  a  range  of  frequencies  and  boundary  layer  locations. 

Figures  110  through  115  show  the  dimensional  power  spectra  at  the  lower,  middle,  and  upper 
boundary  layer  regions  for  each  of  the  six  models,  and  Figures  116  through  118  show  the  dimen¬ 
sional  power  spectra  for  each  of  the  six  models  at  the  three  boundary  layer  regions.  From  the  di¬ 
mensional  power  spectra  data  three  features  can  be  distinguished  between  the  models.  The  first  is 
the  magnitude  of  the  power  contained  in  each  region  of  the  boundary  layer;  the  second  is  the  rate 
of  power  roll-off  as  frequency  increases,  and  the  third  is  how  the  difference  between  each  boundary 
layer  region  is  affected  by  surface  roughness  height  and  blockage. 

For  all  models,  except  the  smooth  plate,  the  outer  boundary  layer  region  has  the  laigest  power 
spectra,  followed  by  the  middle  region,  and  then  the  lower  region.  For  the  smooth  plate,  the  magni¬ 
tude  of  the  power  spectra  for  all  regions  are  approximately  equal  with  the  middle  region  being  only 
slightly  larger,  followed  by  the  outer  region,  and  than  the  lower  region.  To  evaluate  the  difference 
between  the  three  boundary  layer  regions  over  a  frequency  range  of  1  kHz  to  10  kHz,  Figures  119 
and  120  show  the  dimensional  power  spectra  difference  for  the  lower  and  middle  regions  relative  to 
the  outer  boundary  layer  region.  In  this  format,  the  magnitude  of  the  power  speetra  between  each 
boundary  layer  region  and  the  rate  at  which  the  power  spectra  decreases  with  increasing  frequency 
can  be  assessed.  Since  both  middle  and  lower  boundary  layer  regions  are  referenced  from  the  upper 
region,  when  the  upper  region  power  rolls-off  faster  than  the  other  two  regions,  the  slope  of  the  dif¬ 
ference  is  negative.  When  the  middle  and  lower  region  power  rolls-off  faster  than  the  outer  region 
the  slope  of  the  difference  is  positive. 


{pu)  (freq) 
^|  (pu)'^ 


r'n'iinh 


(179) 


smooth 
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For  each  of  the  rough  surface  models,  the  power  spectra  difference  for  the  middle  and  lower 
regions  decrease  in  the  frequency  range  of  1  kHz  to  2  kHz,  indicating  a  laiger  power  spectra 
decrease  in  the  outer  boundary  layer  region  than  for  the  lower  and  middle  regions.  After  this  initial 
outer  region  drop-off,  the  lower  and  middle  regions  begin  to  roll-off  at  a  greater  rate  than  the  outer 
region,  as  indicated  by  the  increasing  power  spectra  difference  in  the  frequency  range  of  2  kHz  to  6 
kHz.  Beyond  6  kHz,  the  outer  boundary  layer  region  begins  to  roll-off  at  a  larger  rate  than  the  other 
regions  and  the  power  spectra  difference  decreases.  The  trend  in  which  the  low  frequency  (1  kHz  to 
2  kHz)  power  spectra  difference  decreases,  followed  by  an  increase  in  the  middle  frequency  range 
(approximately  2  kHz  to  6  kHz),  and  finally,  a  decrease  in  the  upper  frequency  range  (beyond  6 
kHz)  occurs  for  all  rough  surface  plates  except  the  2D  machined  plate. 

For  the  smooth  plate,  there  is  an  initial  power  spectra  difference  drop  in  the  same  frequency 
range  as  the  rough  surface  models.  At  higher  frequencies  the  difference  value  increases  only  slightly 
and  the  power  spectra  for  each  of  the  three  boundary  layer  regions  remain  flat  indicating  all  three  re¬ 
gions  have  an  almost  even  distribution  of  power  in  the  1  kHz  to  10  kHz  frequency  range.  Based  on 
the  dimensional  power  spectra  difference  values,  increasing  roughness  height  increased  the  power 
spectra  difference  between  the  boundary  layer  regions  and  increased  the  roll-off  rate  trend  iden¬ 
tified  above.  Increasing  the  roughness  blockage  increased  the  power  spectra  difference  between 
the  boundary  layer  regions  but  had  a  smaller  affect  on  the  roll-off  trend  than  the  surface  roughness 
height. 

Figures  121  through  126  show  the  power  spectra  normalized  by  the  mass  flux  variance  at  the 
lower,  middle,  and  upper  boundary  layer  regions  for  each  of  the  six  models.  Figures  127  through 
129  show  the  power  spectra  normalized  by  the  mass  flux  variance  for  each  of  the  six  models  at 
the  three  boundary  layer  regions.  From  the  nondimensional  power  spectra  data  two  features  can  be 

distinguished.  The  first  is  the  distribution  of  mass  flux  turbulent  power  across  the  frequency  range, 
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and  the  second  is  the  effect  of  surface  roughness  height  and  blockage.  The  data  in  Figures  121 
through  126  show  the  lower  boundary  layer  region  mass  flux  power  spectra  crosses  the  middle  and 
upper  region  spectra  indicating  that  in  the  lower  region,  most  of  the  power  is  contained  in  large,  low- 
frequency  flow  structures.  The  frequency  at  which  the  inner  region  power  spectra  crosses  the  outer 
region  power  spectra  is  17  kHz  for  the  smooth  plate,  8  kHz,  7  kHz,  4  kHz  and  for  the  80,  36,  and 
20  grit  sandpaper  plates,respectively,  and  9  kHz  and  7  kHz  for  the  3D  and  2D  plates,  respectively. 
This  indicates  that  increasing  surface  roughness  height  and  blockage  leads  to  a  larger  proportion  of 
low  frequency  structures  in  the  near  wall  region.  For  the  middle  and  upper  regions,  the  power  is 
spread  across  a  wider  range  of  frequencies  (from  1  kHz  to  about  10  kHz)  and  flow  structure  sizes. 

To  provide  more  detail  into  the  effects  of  surface  roughness  height  and  blockage  on  power 
spectra.  Figure  130, 131,  and  132  show  the  square  root  of  the  power  spectra  difference  normalized 
by  the  mass  flux  standard  deviation  (i.e.,  for  the  lower,  middle,  and  upper  boundary  layer 

regions,  respectively.  The  sand-grain  roughness  models  were  fit  with  a  logarithmic  curve  fit  for  the 
lower  region  and  a  linear  curve  fit  for  the  middle  and  upper  boundary  layer  regions.  The  slope 
for  each  model  and  boundary  layer  region  are  shown  in  Table  9.  The  data  indicates  that  increasing 
surface  roughness  height  and  blockage  increases  the  power  spectra  difference  with  the  largest  effect 
at  the  lowest  frequencies  in  the  lower  region  near  the  wall.  Further  away  from  the  wall,  the  effect 
of  increasing  roughness  height  and  blockage  is  spread  over  a  laiger  range  of  frequencies.  This  is 
indicated  by  Figures  131  and  132  which  shows  nearly  identical  power  spectra  difference  values  over 
the  frequencies  ranges  of  977  —  1955  Hz  and  977-5860  Hz,  respectively. 

Based  on  the  spectra  data,  the  largest  energy  (except  for  the  smooth  plate)  is  contained  in  the 
outer  region,  which  is  fed  from  the  freestream  and  is  fairly  evenly  distributed  across  a  wide  range  of 
frequencies  (approximately  1  kHz  to  20  kHz).  The  lower  region  has  the  least  overall  power,  which 
is  contained  in  large  low  frequency  structures.  The  middle  region  is  a  blending  of  the  two  upper  and 
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lower  regions,  containing  more  overall  energy  than  the  lower  region,  spread  over  a  laiger  range  of 
frequencies.  Overall,  increasing  surface  roughness  and  blockage  height  increased  the  power  spectra 
and  the  power  spectra  difference  between  the  three  boundary  layer  regions,  and  shifted  the  mass  flux 
turbulent  power  to  lower  frequencies  in  the  near  wall  region.  Peaks  were  observed  in  the  power 
spectra  data  (see  Figures  110  through  115,  Figures  116  through  118,  Figures  121  through  126,  and 
Figures  127  through  129)  above  10  kHz  and  may  be  a  result  of  probe/holder  vibration,  but  were 
not  completely  understood. 

6.2.9  Autocorrelation 

Autocorrelation  information  was  calculated  from  the  normal-film  probe  measurements  using 
the  same  data  collected  for  the  power  spectra.  Using  the  normal-film  voltage,  the  autocorrelation 
indicates  how  the  flow  stmcture  or  mass  flux  fluctuations  occurring  at  one  time  instant  are  related 
to  fluctuations  occurring  at  an  earlier  time  instant.  The  autocorrelation  for  a  given  time  offset, 
r,  is  nondimensionalized  by  the  mass  flux  variance,  {puY^  giving  the  Eulerian  time-correlation 
coefficient,  Re{t)  [17].  For  r  =  0,  the  autocorrelation,  {pu{t))'  {fm{t  +  T))'  =  which 

gives  Re  (0)  =  1,  and  as  r  increases  Re{t)  decreases.  Since  turbulent  flow  is  characterized  by 
a  large  range  of  spatial  scales,  the  rate  at  which  the  Eulerian  time-correlation  coefficient  drops  as 
r  increases  from  zero  gives  an  indication  of  the  size  of  the  smallest  flow  stmctures.  The  length  of 
time  it  takes  for  Re  (0)  to  reach  zero  (though  it  may  not  do  so)  is  an  indication  of  the  size  of  the 
largest  flow  structures. 

The  autocorrelation  information  is  presented  in  three  formats.  The  first  is  the  Eulerian  time- 
correlation  coefficient  time  trace  for  mass  flux  showing  all  three  boundary  layer  regions  (lower, 
middle,  and  upper)  for  each  of  the  six  models.  The  second  format  is  the  Eulerian  time-correlation 
coefficient  showing  all  of  the  six  models  for  each  boundary  layer  region.  The  third  format  is  the 
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microscale  and  integral  length  scale  versus  roughness  Reynolds  number  which  gives  an  estimate  of 
the  smallest  and  laigest  flow  structures  and  how  surface  roughness  height  and  blockage  affect  them. 

Figures  133  through  138  show  the  autocorrelation  time  traces  with  all  boundary  layer  locations 
(y /^M  =  0.25, 0.50,  and  0.75,  designated  lower,  middle,  and  upper)  for  each  of  the  six  models.  Fig¬ 
ures  139, 140,  and  141,  show  all  six  model  autocorrelation  time  traces  for  each  of  the  three  boundary 
layer  locations.  A  trend  noticed  from  these  figures  is  that  the  lower  boundary  layer  region  had  the 
smallest  rate  of  time-correlation  decrease  for  all  models,  indicating  that  the  small  scale  structures 
were  largest  in  the  near  wall  region.  This  is  echoed  by  the  power  spectra  data  which  showed,  for 
the  lower  region,  the  power  was  distributed  toward  large,  low  frequency  structures.  For  the  smooth 
plate,  the  middle  and  upper  boundary  layer  regions  had  nearly  the  same  autocorrelation  time  trace 
with  differences  only  appearing  at  larger  time  offsets  (r),  which  is  also  shown  by  the  power  spec¬ 
tra  curves.  This  indicates  that  the  small  scale  structures  for  the  two  regions  were  approximately  the 
same;  however,  the  large  scale  structures  were  larger  for  the  outer  region  of  the  boundary  layer.  For 
the  rough  surface  models,  the  lower  region  also  had  the  smallest  rate  of  time-correlation  decrease; 
however,  the  middle  region  had  a  smaller  rate  of  decrease  than  the  upper  region.  The  autocorrelation 
time  trace  at  larger  time  offsets  were  also  different  for  each  boundary  layer  region.  For  the  rough 
surfaces,  the  small  scale  stracture  size  was  largest  in  the  lower  region  with  the  size  decreasing  in  the 
middle  and  outer  regions.  Conversely,  the  large  scale  stracture  size  was  largest  in  the  outer  region 
and  decrease  in  the  middle  and  lower  regions. 

To  better  quantify  how  surface  roughness  affects  the  flow  stracture  sizes,  the  microscale  and 
integral  scale  time  values  for  each  model  were  calculated  and  are  shown  in  Table  10  and  Figures 
142  and  143,  respectively.  Typically  Taylor’s  hypothesis,  which  assumes  that  the 

turbulent  structures  are  convected  at  the  mean  streamwise  velocity,  is  used  to  present  autocorrelation 
stracture  scales  as  lengths;  however,  this  only  works  well  for  low  turbulence  levels  (<  1%)  [17]. 
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For  this  reason,  the  microscale  and  integral  scale  lengths  are  presented  in  time  coordinates.  The 
microscale  values  are  determined  by  fitting  an  osculating  parabola  to  the  autocorrelation  time  trace 
and  determining  the  parabola’s  x-axis  intercept  (see  Figure  144).  Trends  regarding  the  boundary 
layer  region  and  surface  roughness  are  apparent.  First,  the  lower  region  has  the  largest  small  scale 
structures,  followed  by  the  middle  and  upper  regions.  Second,  increasing  surface  roughness  height 
and  blockage  increased  the  size  of  the  small  scale  structures.  The  smooth  plate  and  sand-grain 
microscale  values  were  fit  with  a  line,  with  the  slope  indicating  the  rate  at  which  surface  roughness 
height  affects  the  microscale.  The  rate,  ^  for  each  boundary  layer  region  is  shown  in 

Tables.  The  slopes  are  5.3  •  10“®  (^),4.8'10“®  (^),  and  2.5 -10“^  (^),  for  the  lower,  middle, 
and  upper  boundary  layer  regions,  respectively.  The  largest  rate  of  increase  was  in  the  lower  or  near 
wall  region  with  a  decreasing  rate  toward  the  freestream.  This  indicates  that  the  effect  of  surface 
roughness  is  to  increase  the  size  of  the  smallest  flow  structures  (given  by  the  microscale)  with  the 
largest  increase  occurring  in  the  near  wall  region. 

The  integral  length  scale  represents  the  magnitude  of  the  largest  structures  in  a  turbulent  flow. 
The  data  in  Figure  143  indicates  that  the  largest  flow  structures  occur  in  the  outer  boundary  layer 
region,  followed  by  the  middle,  and  then  the  lower  region.  This  shows  that  the  wall  boundary 
dampens  or  limits  the  largest  size  structures.  Surface  roughness  decreases  the  integral  length  scale 
in  all  three  boundary  layer  regions.  The  rate  at  which  increasing  surface  roughness  height  decreases 
the  integral  length  scale  is  largest  in  the  outer  region,  followed  by  the  middle,  and  inner  regions  of 
the  boundary  layer.  Increasing  roughness  blockage  shows  inconclusive  results  with  respect  to  the 
integral  length  scale,  though  the  roughness  height  of  the  3D  and  2D  models  does  reduce  the  integral 
length  scale  throughout  the  boundary  layer  relative  to  the  smooth  plate  values. 

Overall,  the  effect  of  roughness  is  to  move  the  structure  sizes  toward  the  middle,  by  increas¬ 
ing  the  size  of  the  small  scale  stmctures  and  decreasing  the  large  scale  stractures.  The  larger  the 
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roughness  height,  the  larger  the  effect,  as  evidenced  in  microscale  and  integral  length  scale  figures. 
For  the  smooth  plate,  the  power  spectra  indicates  that  the  middle  and  outer  region  flow  has  an  even 
distribution  of  small  high-frequency  and  large  low-frequency  structures;  this  is  shown  in  the  auto¬ 
correlation  data  by  the  widest  range  between  the  microscale  and  integral  length  scales. 

6.2.10  Cross-Correlation 

A  parallel-film  probe  was  used  to  collect  the  flow  structure  angle  measurements  at  three  lo¬ 
cations  over  each  of  the  six  models,  v/Sm  =  0.25,  0.50,  and  0.75  (designated  lower,  middle,  and 
upper).  The  cross-correlation  of  the  two  parallel-film  sensor  voltages  give  an  indication  of  the  flow 
structure  angle.  For  a  flow  structure  or  eddy  with  an  angle  of  90  degrees  to  the  streamwise  direc¬ 
tion,  the  eddy  reaches  both  parallel-film  sensors  at  the  same  instant  giving  a  cross-correlation  peak 
at  T  =  0.  For  an  eddy  with  an  angle  less  than  90  degrees,  the  eddy  reaches  one  of  the  film  sensors 
before  the  other,  shifting  the  time  correlation  peak  to  a  higher  time  offset  (increasing  r).  Estimates 
of  the  flow  structure  angle  can  be  found  based  on  the  probe  sensor  separation  distance  and  the  local 
mean  streamwise  velocity.  For  all  flow  structure  angle  measurements,  the  tunnel  was  operated  at  a 
stagnation  pressure  of  2.33  •  10^  ih  0.3%  Pa  and  a  stagnation  temperature  of  296  ±  1.0  K. 

Figures  145  through  150  show  the  cross-correlation  time  traces  with  all  three  boundary  layer 
locations  for  each  of  the  six  models.  For  all  six  models,  the  cross-correlation  time  trace  peak  drop¬ 
off  rate  is  largest  for  the  outer  boundary  layer  region,  followed  by  the  middle,  and  then  the  lower 
region.  As  for  the  autocorrelation  of  a  single  film  probe,  the  drop-off  rate  gives  an  indication  of  the 
small  scale  structure  size.  Assuming  the  eddies  are  circular  or  elliptic  and  that  the  mean  streamwise 
velocity  of  the  eddies  is  significantly  faster  than  the  eddy  rotational  velocity,  the  drop-off  rate  gives 
an  indication  of  the  eddy  streamwise  thickness  for  eddies  with  a  height  of  at  least  the  parallel-film 
sensor  separation  distance.  The  drop-off  rate  shows  that  the  small  scale  eddy  streamwise  thickness 
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is  largest  near  the  wall  boundary  and  decreases  as  you  move  toward  the  freestream.  This  result  from 
the  parallel-film  cross-correlation  agrees  with  the  results  found  from  the  normal-film  autocorrelation 
measurements. 

Figures  151,152,  and  153,  show  all  six  model  cross-correlation  time  traces  for  each  of  the  three 
boundary  layer  locations.  The  drop-off  rate  for  the  smooth  plate  was  larger  than  the  rate  for  the  rough 
surface  models  in  each  boundary  layer  region,  indicating  surface  roughness  increased  the  small  scale 
streamwise  thickness.  Increasing  surface  roughness  height  and  blockage  increased  the  small  scale 
streamwise  thickness  as  shown  by  the  lower  drop-off  rate  for  the  2D  and  20  grit  plates  relative  to 
the  3D  and  80  and  36  grit  plates,  respectively.  Again,  these  results  matched  the  results  from  the 
normal-film  autocorrelation  measurements,  which  indicated  that  the  effect  of  surface  roughness  was 
to  increase  the  size  of  the  smallest  flow  structures  (given  by  the  microscale)  with  the  largest  increase 
occurring  in  the  near  wall  region. 

The  flow  structure  angles  estimated  from  the  cross-correlation  traces  are  shown  in  Table  11 
and  Figure  154  along  with  error  bars  indicating  sampling  rate  resolution.  All  structure  angles  were 
between  approximately  30  and  60  degrees.  The  flow  structure  angles  were  smallest  near  the  wall 
(lower  region)  and  increased  toward  the  boundary  layer  edge.  The  data  in  Figure  154  indicates 
that  increasing  surface  roughness  height,  increased  the  flow  stmcture  angle,  with  the  largest  effect 
occurring  in  the  outer  boundary  layer  region.  The  2D  plate  flow  structure  angles  remained  relatively 
constant  across  the  boundary  layer,  whether  this  was  a  feature  of  the  two-dimensional  roughness 
elements  and  spacing  or  due  to  the  sampling  rate  resolution  was  unknown. 

6.2.11  Frequency  Resolved  'Rirbulence  Summary 

Surface  roughness  had  a  large  effect  on  the  power  spectra,  size,  and  angle  of  flow  structures 
across  the  turbulent  boundary  layer.  Increasing  surface  roughness  height  and  blockage  increased 
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the  power  spectra  and  the  power  spectra  difference  between  the  three  boundary  layer  regions,  and 
shifted  the  mass  flux  turbulent  power  to  lower  frequencies  in  the  near  wall  region.  Surface  roughness 
increased  the  size  of  the  small  scale  structures  and  decreased  the  size  of  the  large  scale  structures. 
The  larger  the  roughness  height,  the  larger  the  effect,  as  evidenced  in  microscale  and  integral  length 
scale  values.  For  very  large  roughnesses  (kf  >  600),  the  integral  scale  approached  the  same  value 
across  the  entire  boundary  layer.  The  flow  stmcture  angles  were  smallest  near  the  wall  (lower  re¬ 
gion)  and  increased  toward  the  boundary  layer  edge.  Increasing  surface  roughness  height,  increased 
the  flow  stracture  angle,  with  the  largest  effect  occurring  in  the  outer  boundary  layer  region. 

6.3  Empirical  Flowfield  Description  (A  Synopsis) 

Sections  6.1  and  6.2  presented  a  comprehensive  and  detailed  analysis  of  each  measurement 
technique.  The  influence  of  roughness  on  a  long  list  of  flow  properties  has  been  extensively  covered. 
The  results  and  discussions  from  those  sections  will  not  be  repeated  here.  Instead,  the  purpose  of 
this  section  is  to  assimilate  that  information  into  an  overview  description  of  the  influence  of  surface 
roughness  on  the  boundary  layer  flow,  and  where  appropriate,  implications  towards  modeling  have 
been  identified.  This  section  starts  by  examining  the  effects  of  the  surface  roughness  on  the  overall 
stmcture  of  the  boundary  layer.  This  analysis  is  then  used  to  explain  the  observations  noted  in 
Sections  6.1  and  6.2  concerning  the  mean  and  turbulent  flow  properties. 

Focusing  first  on  the  frequency  resolved  turbulence  data,  it  was  noticed  that  the  presence  of 
the  roughness  elements  increased  the  overall  energy  levels,  decreased  the  integral  or  larger  scales, 
and  increased  the  micro  or  smaller  scales  throughout  the  boundary  layer.  The  roughness  elements 
also  redistributed  the  turbulent  energy  toward  the  lower  frequencies  (i.e.,  toward  the  larger  flow 
stractures)  in  the  near  wall  region.  These  effects  were  found  to  have  a  strong  dependence  on  the 
roughness  height  and  geometry.  These  observations  show  that  the  roughness  elements  significantly 
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altered  turbulence  production  mechanisms,  which  is  not  overly  surprising  since,  for  smooth  plates, 
the  near  wall  region  (y+  <  30)  has  been  shown  to  be  very  important  in  determining  the  structure 
of  the  boundary  layer  [31].  In  particular,  as  the  roughness  height  and  blockage  were  increased,  the 
large  scale  structures  (based  on  integral  scale  values)  converged  to  a  nominally  constant  size  across 
the  boundary  layer,  which  indicated  a  possible  integral  length  scale  independence  of  boundary  layer 
location  for  very  large  roughness  Reynolds  numbers  (kf).  This  result  suggested  that  the  roughness 
generated  turbulence  becomes  the  dominant  term  in  the  near  wall  production/dissipation  balance 
and  was  consistent  with  the  familiar  logarithmic  “law  of  the  wall”  for  fully  rough  flow,  where 
is  proportional  to  the  roughness  Reynolds  number  and  independent  of  the  flow  Reynolds  number 
due  to  the  disappearance  of  the  laminar  sublayer  [50]  for  fully  rough  flow. 

From  the  frequency  resolved  data,  the  rough  surface  turbulent  boundary  layer  was  character¬ 
ized  as  having  a  higher  population  of  higher  energy  eddies  that  were  distributed  over  a  narrower 
range  of  length  and  time  scales.  The  instantaneous  Mie  scattering  images  qualitatively  supported 
this  description  of  the  boundary  layer  structure.  This  qualitative  view  of  the  boundary  layer  struc¬ 
ture  was  instrumental  to  understanding  the  mechanisms  responsible  for  changes  in  the  mean  and 
turbulent  flow  properties  that  resulted  from  the  presence  of  the  roughness  elements.  For  example, 
the  increased  turbulence  and  mixing  in  the  boundary  layer,  that,  as  a  consequence  of  the  roughness, 
produced  increased  entrainment  rates  of  freestream  fluid  into  the  boundary  layer  when  compared  to 
the  smooth  plate;  thus,  increasing  the  rate  of  the  boundary  layer  growth.  This  was  indicated  by  the 
larger  rough  surface  boundary  layer  thicknesses,  relative  to  the  smooth  plate  value,  measured  using 
the  Pitot  probe,  LDy  and  flow  visualization.  This  type  of  information  is  important  for  Reynolds- 
averaged  turbulence  models  where  a  velocity  and  length  scale  are  defined  and  for  large  eddy  simu¬ 
lation  validation  and  subgrid  modeling.  Specifically,  the  integral  scale  mean  size  at  large  roughness 
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Reynolds  numbers  may  lead  to  adjustments  in  the  outer  region  of  the  Prandtl  mixing  length  turbu¬ 
lence  model. 

A  second  feature  unique  to  compressible  flows  was  density  fluctuations.  The  turbulent  Mach 
number  was  found  to  be  on  the  order  of  0.3  for  all  cases.  Hence,  the  turbulence  generated  density 
fluctuations  were  expected  to  be  on  the  order  of  4.0%  (a  crude  assessment  assuming  locally  isen- 
tropic  flow).  However,  a  second  mechanism  for  the  production  of  density  fluctuations  was  iden¬ 
tified  from  the  experimental  measurements.  That  mechanism  was  the  compression  and  expansion 
waves  generated  by  the  roughness  elements  protruding  into  the  supersonic  region  of  the  boundary 
layer,  which  interacted  with  the  turbulent  flow  structures  to  produce  relatively  large  (comparable  to 
the  velocity  fluctuations)  density  fluctuations.  The  magnitude  and  occurrence  of  these  waves  in¬ 
creased  as  the  roughness  height  increased  and  the  blockage  area  decreased,  and  was  visibly  evident 
in  the  color  schlieren  photography.  These  roughness  generated  density  fluctuations  also  had  a  large 
influence  on  the  turbulence  quantities  that  included  density  fluctuations  (described  below). 

The  increased  turbulent  energy  and  mixing  due  to  surface  roughness  (as  described  above)  had 
an  important  impact  on  the  mean  velocity  and  density  defects  across  the  entire  boundary  layer,  with 
the  most  noticeable  effect  in  the  near  wall  region.  The  increased  velocity  defect  near  the  wall  is 
attributed  to  both  the  increased  near  wall  turbulent  shear  stresses  (a  direct  result  of  the  presence  of 
larger  higher  energy  eddies  near  the  wall)  and  the  form  drag  generated  by  the  roughness  elements 
protruding  into  the  boundary  layer.  Both  the  velocity  and  density  defects,  when  scaled  by  outer  flow 
variables,  were  found  to  be  virtually  independent  of  the  surface  roughness  height  for  the  present  fully 
rough  cases.  This  finding  has  important  implications  in  both  the  integral  analysis  and  numerical 
modeling  of  this  flow.  However,  as  expected,  the  local  wall  shear  stress  (i.e.,  momentum  losses) 
were  not  independent  of  surface  roughness.  As  discussed  in  Chapter  7,  these  finding  were  used  to 
improve  the  integral  and  numerical  prediction  methods. 
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The  kinematic  turbulence  quantities  (e.g.,  velocity  turbulence  intensity,  kinematic  Reynolds 
shear  stress,  etc...),  when  scaled  by  the  local  mean  quantities  (i.e.,  outer  variables),  were  found  to 
collapse  onto  a  single  curve  for  fully  rough  flow.  Conversely,  the  measured  turbulence  quantities 
that  included  density  fluctuations  (e.g.,  mass  flux  turbulence  intensity  and  traverse  apparent  mass 
flux)  did  not  scale  with  the  local  mean  flow  quantities  and  were  significantly  affected  by  roughness 
height  and  blockage.  The  implications  here  are  that  for  the  Farve-averaged  approach,  though  new 
turbulence  models  developed  from  compressible  data  is  preferred,  incompressible  models  with  the 
appropriate  compressible  extensions  should  be  reasonable  for  simple  flat  plate  geometries.  This 
assessment  is  founded  in  the  present  empirical  data  and  the  realization  that  the  Farve-averaged  ap¬ 
proach  works  well  for  high-speed  smooth  wall  turbulent  boundary  layers.  However,  for  more  com¬ 
plex  flow  geometries,  the  roughness/density  fluctuation  complications  can  feed  into  the  Favre  aver¬ 
aged  shear  stresses  through  the  pressure-work  terms  present  in  the  shear  stress  transport  equations. 
On  the  other  hand,  for  the  Reynolds-averaged  approach,  the  explicit  appearance  of  fluctuating  den¬ 
sity  correlations  requires  addition  modeling  for  the  compressible  turbulence  terms.  For  both  aver¬ 
aging  techniques,  the  assumption  that  the  wall  shear  stress  and  turbulent  shear  stress  are  equivalent 
near  the  wall  is  no  longer  valid  for  fully  rough  flow.  The  form  drag  due  to  the  surface  roughness 
elements  has  to  be  taken  into  account  when  estimating  the  wall  shear  stress  (and  hence,  skin  friction 
and  friction  velocity).  For  this  reason,  a  new  more  predictive  method  was  used  to  calculate  the  wall 
shear  stress  for  the  rough  surface  numerical  predictions  (see  Chapters  5  and  7).  This  finding  also  in¬ 
dicates  that  roughness  models  that  include  explicit  formulations  for  the  form  drag  in  the  governing 
momentum  equations  have  some  intrinsic  merit. 
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Chapter  7  -  Analysis  and  Prediction 

Integral  analyses  and  numerical  predictions  were  performed  on  the  six  models  based  on  infor¬ 
mation  collected  from  the  experiments  described  in  Chapter  3  and  the  data  shown  in  Chapter  6.  The 
first  section  below  presents  the  results  of  the  integral  analysis  on  the  boundary  layer  data,  while  the 
second  section  presents  the  numerical  predictions  based  on  the  parabolized  Navier-Stokes  solver 
described  in  detail  in  Chapter  5. 

7.1  Integral  Analysis 

The  Integral  analysis  consists  of  three  sections:  Boundary  Layer  Quantities,  Defect  and  \bn 
Driest  Wocity  Profiles,  and  Equivalent  Sand-Grain  Roughness. 

7.1.1  Boundary  Layer  Quantities 

Based  on  the  Pitot  probe  measurements,  the  following  quantities:  6,  6m,  ^*,  ^k,  Cf,  r^u), 

and  u*  were  calculated  for  each  of  the  six  models.  The  quantities,  6  and  6m,  are  the  boundary  layer 
heights  based  on  the  location  were  the  boundary  layer  velocity  and  Mach  number  reach  99%  of  the 
freestream  value.  The  kinematic  displacement  and  momentum  thicknesses  are  given  by  6^  and  Ok, 
respectively,  with  the  displacement  and  momentum  thicknesses  given  by  6*  and  9,  respectively  (see 
definitions  in  Chapter  4).  The  skin  fiction  coefficient,  Cf,  for  the  smooth  plate  was  calculated  using 
the  Van  Driest  skin  friction  relationship  [61]  and  was  used  to  determine  the  wall  shear  stress,  t^j,  and 
friction  velocity,  u* .  For  the  rough  plate  models,  the  Van  Driest  skin  friction  relationship  is  not  valid. 
Hence,  a  new  relationship  based  on  the  logarithmic  form  of  the  momentum  thickness/roughness 
height  ratio  and  skin  friction,  combined  with  the  zero  pressure  gradient  integral  momentum  equation 
was  developed  (see  Chapter  4  for  details)  to  determine  the  skin  friction  over  the  rough  plate  models. 
From  these  skin  friction  values,  the  wall  shear  stress  and  friction  velocity  were  calculated. 
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Table  12  presents  the  results  of  the  above  quantities  for  each  of  the  six  models.  As  indicated  in 
Tkble  12,  as  the  sandpaper  roughness  height  increases,  the  boundary  layer  thickness  increased.  For 
the  Pitot  measurements,  the  boundary  layer  thickness  for  the  20  grit  plate  was  1.6%  less  than  the  36 
grit  plate  which  has  maximum  roughness  height  of  18.0  mm  versus  17.7  mm  for  the  20  grit  plate. 
The  slight  apparent  decrease  in  the  boundary  layer  thickness  for  the  20  grit  plate  was  attributed  to 
uncertainties  in  boundary  layer  thickness  (see  Appendix  C).  The  LDV  and  color  schlieren  boundary 
layer  thicknesses  listed  in  Table  6  showed  the  20  grit  plate  value  to  be  larger  than  the  36  grit  plate. 
The  machined  rough  plates  also  indicated  as  roughness  density  or  blockage  increases,  the  boundary 
layer  thickness  increased.  The  Mach  number  boundary  layer  was  directly  related  to  the  thermal 
boundary  layer  and,  as  such,  was  larger  than  the  velocity  boundary  layer  height  for  each  of  the  six 
models.  Figure  155  shows  velocity,  Mach,  and  thermal  boundary  layers  versus  roughness  Reynolds 
number  as  measured  by  the  Pitot,  LDY  and  color  schlieren  techniques.  The  data  in  Figure  155 
shows  the  trend  of  increasing  6  versus  kg.  The  large  amount  of  scatter  in  Figure  155  is  typical;  it  is 
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this  scatter  that  has  forced  researchers  to  use  integrated  length  scales  (e.g.,  6*  and  9)  and  abandon 
turbulent  models  based  on  S. 

To  better  assess  the  affects  of  surface  roughness  on  integral  quantities.  Figures  156  and  157 
show  the  displacement  and  momentum  thicknesses  for  each  of  the  six  models  versus  roughness 
Reynolds  number.  The  displacement  and  momentum  thicknesses  are  often  used  to  describe  a  bound¬ 
ary  layer  in  place  of  the  boundary  layer  thickness  since,  by  integrating  across  the  entire  boundary 
layer,  uncertainties  involving  the  boundary  layer  edge  are  eliminated  (see  Equations  (78)  through 
(81)).  The  Pitot  displacement  and  momentum  thicknesses  showed  considerably  less  scatter  than 
the  boundary  layer  thickness  and  indicated  clear  trends  with  regard  to  surface  roughness  height  and 
blockage.  The  surface  roughness  height  and  blockage  showed  a  logarithmic  relationship  for  the 

displacement  and  momentum  thicknesses  versus  roughness  Reynolds  number.  Unlike  turbulence 
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data,  surface  roughness  blockage  showed  the  same  relationship  as  surface  roughness  height.  For 
the  kinematic  displacement  thickness  and  momentum  thickness  the  logarithmic  relation  was  given 
by  =  0.551n(A:+)  —  0.41  and  6k  =  0.351n(A;+)  +  0.027,  respectively.  For  the  displacement 
and  momentum  thicknesses,  the  logarithmic  relation  was  given  by  6*  =  0.93  ln(A:+ )  4-  0.53  and 
6  =  0.21  ln(/i:+ )  +  0.16,  respectively. 

Figures  158  and  159  show  the  skin  friction  coefficient  and  friction  velocity  for  each  of  the  six 
models  versus  roughness  Reynolds  number.  As  with  the  displacement  and  momentum  thicknesses, 
the  surface  roughness  height  and  blockage  show  a  logarithmic  relationship  for  skin  friction  and 
friction  velocity  versus  roughness  Reynolds  number.  The  skin  friction  logarithmic  relation  is  given 
by  Cf  =  6.5  •  10”'^  ln(A;+ )  +  7.8  •  10“®.  While  the  friction  velocity  logarithmic  relation  is  given  by 
=  3.2  ln(A:+)  + 20.9. 

7.1.2  Defect  and  \hn  Driest  Velocity  Profiles 

Based  on  the  integral  analysis  information,  the  velocity  defect  and  \hn  Driest  velocity  profiles 
were  found  for  each  of  the  six  plates.  Figures  160  and  161  show  the  velocity  defect  profiles  for  both 
the  smooth  plate  and  rough  plates.  Figure  160  is  the  velocity  defect  scaled  by  the  friction  velocity 
and  Figure  161  is  the  \hn  Driest  effective  velocity  defect  scaled  by  the  friction  velocity  (see  Chapter 
2,  Equation  (7)).  By  scaling  the  velocity  defect  with  the  friction  velocity,  all  of  the  models  collapse 
into  a  single  curve.  This  result  has  been  shown  before  for  incompressible  smooth  and  rough  walls 
[17,50,66],  and  the  results  shown  in  Figures  160  and  161  give  confidence  in  the  method  developed 
to  calculate  the  rough  wall  skin  friction.  Both  the  velocity  and  effective  velocity  defect  profiles 
were  plotted  on  a  logarithmic  scale  and  shown  in  Figures  162  and  163,  respectively.  These  figures 
show  that  the  velocity  defect  scaled  directly  with  the  friction  velocity  and  boundary  layer  height  in 
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the  outer  region.  However,  these  scalings  are  somewhat  inadequate  in  the  inner  region  near  the  wall 
(this  is  also  consistent  with  the  incompressible  database  [17,50,66]). 

Figures  164  and  165  present  the  Van  Driest  velocity  profiles  for  the  Pitot  and  LDV  data,  re¬ 
spectively.  Near  the  wall,  the  velocity  is  scaled  by  the  friction  velocity  (i.e.,  inner  scaling)  and  the 
boundary  layer  height  position  is  scaled  by  friction  velocity  and  kinematic  viscosity.  The  match  be¬ 
tween  the  smooth  plate  Pitot  and  the  logarithmic  “law  of  the  wall”  (including  Cole’s  “law  of  the 
wake”  [50])  is  considered  excellent.  The  LDV  data  is  slightly  higher  than  flat  plate  theory  (see 
Figure  166).  The  difference  is  attributed  to  the  use  of  the  friction  velocity  calculated  using  Pitot 
data.  The  number  of  LDV  measurements  for  each  plate  did  not  allow  an  accurate  calculation  of  the 
momentum  thickness  (and  hence,  the  friction  velocity)  so  the  Pitot  data  friction  velocity  was  used. 
The  friction  velocities  required  for  the  LDV  Van  Driest  Profiles  to  collapse  with  the  Pitot  data  are 
shown  in  Tkble  14.  For  all  models,  the  friction  velocity  difference  between  the  adjusted  LDV  and 
Pitot  values  is  less  than  4  %.  Hence,  the  level  of  disagreement  between  the  LDV  and  the  Pitot  data 
shown  in  Figure  166  is  within  the  measurement  uncertainties. 

The  rough  surface  Van  Driest  velocity  data  show  a  downward  shift  that  is  in  proportion  to  the 
surface  roughness,  and  is  consistent  with  the  incompressible  results  in  the  literature  [17, 50, 66]. 
The  80  grit  plate  showed  the  least  amount  of  shift,  followed  by  the  3D,  2D,  36  grit,  and  20  grit 
plates.  Figure  167  presents  the  Van  Driest  velocity  profiles  using  the  effective  velocity,  which  is 
more  appropriate  for  comparison  to  incompressible  measurements.  The  Van  Driest  compressibility 
transformation  (Chapter  2,  Equation  (7))  is  used  to  determine  the  equivalent  sand-grain  roughness 
values  in  the  next  section. 
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7.1.3  Equivalent  Sand-Grain  Roughness 

The  equivalent  sand-grain  roughness,  kg,  for  each  of  the  five  rough  models  was  calculated 
based  on  the  method  outlined  in  Section  2.1.3.  Figure  168  shows  the  Van  Driest  velocity  profile 
plot  using  the  effective  y  origin  as  outlined  in  references  [4, 45-47].  Along  with  the  Pitot  data, 
each  profile  is  curve  fit  (in  the  logarithmic  region)  with  a  straight  line  of  slope  Based  on  the 
equivalent  sand-grain  roughness  equation  presented  by  Schlichting  [51],  the  kg  values  are  shown 
in  Table  4  along  with  the  nondimensional  roughness  Reynolds  number,  All  of  the  rough  model 
plates  have  a  roughness  Reynolds  number  greater  than  70  and  are  in  the  completely  rough  regime. 
Figure  169  shows  the  Van  Driest  effective  velocity  profile  for  each  of  the  five  rough  models  versus 

.  Based  on  the  equivalent  sand-grain  roughness,  each  of  the  velocity  profiles  collapse  in  the 
lower  region  showing  this  region  is  no  longer  scaled  by  the  kinematic  viscosity,  but  instead  by  the 
roughness  height.  Finally,  Figure  170  shows  the  Van  Driest  velocity  profile  downward  shift  as  a 
function  of  the  roughness  Reynolds  number,  which  matches  the  shift  predicted  by  the  sand-grain 
theory  (with  the  understanding  that  this  is  a  result  of  the  method  of  calculating  kg). 

7.1.4  Skin  Friction  Prediction 

Most  initial  engineering  calculations  use  semi-empirical  relations  to  estimate  the  quantities  of 
interest.  For  fluid  dynamics,  the  estimation  of  skin  friction  is  vitally  important  with  little  data  avail¬ 
able  for  use  in  high-speed  compressible  flows.  For  uniformly  distributed  rough  surfaces  or  when 
the  equivalent  sand-grain  roughness  is  unknown  either,  an  effective  roughness  correlation  based  on 
the  roughness  geometry/spacing,  such  as  that  developed  by  Bettermann  and  Dvorak  (extracted  from 
[53])  for  square  rods  or  Dirling  [23],  must  be  used  or  experimental  measurements  performed  in  or¬ 
der  to  estimate  Cf.  For  experimental  measurements,  either  a  drag  balance  or  skin  friction  estimates 
based  on  momentum  loss  are  required. 
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The  experimental  skin  friction  measurements  from  this  study  were  compared  to  three  semi- 
empirical  methods.  Two  of  the  three  compressible  skin  friction  estimates  were  calculated  by  ap¬ 
plying  the  density  -  skin  friction  relation  by  Goddard  [28]  (Equation  (25))  with  the  incompressible 
relations  by  Schlichting  [5 1]  and  White  [66]  (Equations  (18)  and  (19),  respectively).  The  third  com¬ 
pressible  method  uses  the  rough  wall  skin  friction  ratio  correlation  by  Goddard  [28],  given  as 

^  =  0.39  (lnfc+- 2.3) +  1.0  (180) 

where  Cf„  is  the  compressible  smooth  plate  skin  friction.  For  this  analysis,  Cf^  is  found  using  the 
Van  Driest  II  [62]  smooth  flat  plate  relation  (Equation  (10)).  Figure  171  shows  the  three  relations 
along  with  the  integral  analysis  data  from  this  study.  The  agreement  between  the  experimentally 
estimated  skin  friction  using  the  integral  method  developed  in  Chapter  4  and  the  correlation  by 
Goddard  is  considered  excellent  with  a  difference  of  less  than  3%  for  all  models.  Both  the  Schlicht¬ 
ing  and  White  relations  underestimate  the  skin  friction  for  compressible  flows  by  as  much  as  30%. 
Included  in  Figure  171  is  an  estimate  for  2D  machined  roughness  plate  skin  friction  based  on  the 
roughness  geometry/spacing  correlation  of  Bettermann  and  Dvorak  with  A  =  3.9.  The  skin  friction 
estimate  for  the  2D  machined  roughness  plate  also  used  the  compressible  density  -  skin  friction  re¬ 
lation  by  Goddard.  The  2D  machined  roughness  plate  skin  friction  estimate  was  underestimated  by 
8%  relative  to  the  measured  value. 

Based  on  these  results,  the  integration  method  using  the  boundary  layer  momentum  thickness  at 
two  locations  and  the  sand-grain  roughness  correlation  developed  by  Schlichting  [51]  (see  Equation 
(17))  provide  excellent  estimates  of  the  skin  friction  and  equivalent  sand-grain  roughness.  When 
the  equivalent  sand-grain  roughness  is  known,  the  skin  friction  for  compressible  high-speed  flows 
can  be  found  by  using  Equation  (180). 
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7.2  Numerical  Predictions 


A  parabolized  Navier-Stokes  solver  was  used  to  numerically  calculate  the  flow  over  the  smooth 
and  rough  plates  using  two  algebraic  turbulence  models:  Prandtl  mixing  length  and  the  Compress¬ 
ible  Apparent  Mass  Mixing  Length  Extension  (CAMMLE)  models.  The  algebraic  models  were  ex¬ 
tended  using  Rotta’s  model  for  roughness  (see  Chapter  5  for  details).  The  results  of  the  two  models 
are  presented  and  compared  to  the  experimental  data  below.  Though  more  complicated  higher-order 
models  exist,  these  two  models  are  still  commonly  used  throughout  industry  and  will  be  used  to  as¬ 
sess  the  Rotta  roughness  model. 

The  numerical  predictions  were  evaluated  with  the  experimental  data  from  this  study  in  three 
subsections;  Mean  Flow  Data,  Turbulent  Flow  Data,  and  Integral  Analysis.  The  Mean  Flow  Data 
subsection  compares  the  numerical  predictions  from  the  two  models  with  the  Pitot  and  LDV  exper¬ 
imental  velocity  and  density  profiles.  The  Turbulent  Flow  Data  subsection  compares  the  numeri¬ 
cal  predictions  of  the  kinematic  Reynolds  shear  stress,  compressible  Reynolds  shear  stress,  and  the 
second  order  density-traverse  velocity  correlation  with  LDV  and  experimental  data.  Finally, 
the  Integral  Analysis  subsection  compares  integral  quantities  (e.g.,  S,  6*,  9k,  etc...)  and  Van  Driest 
velocity  profiles  to  estimates  from  Pitot  measurements. 

7.2.1  Mean  Flow  Data 

The  velocity  profile  numerical  predictions  for  each  turbulence  model  are  shown  with  Pitot  and 
LDV  experimental  data  in  Figures  172  through  177.  The  calculations  were  converged  to  the  point 
where  the  normalized  residual  was  reduced  by  three  orders  of  magnitude.  The  minor  fluctuations 
in  the  profiles  reflect  this  level  of  convergence  (see  Appendix  D  for  further  details  on  the  CFD  grid 
and  model  validation  studies).  The  turbulence  models  did  a  credible  job  for  both  the  smooth  and 
rough  plates,  with  the  Prandtl  and  CAMMLE  models  predicting  almost  identical  velocity  profiles. 
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Both  turbulence  models  over  predicted  the  smooth  plate  velocity  defect  (which  may  be  attributed 
to  boundary  layer  thickness  uncertainty  in  the  experimental  or  numerical  data),  but  did  an  excellent 
job  for  the  rough  surface  plates  as  evidenced  by  the  velocity  defect  plots. 

The  density  profile  numerical  predictions  for  each  model  are  shown  with  Pitot  and  LDV  exper¬ 
imental  data  in  Figures  178  through  183.  The  Prandtl  and  CAMMLE  turbulence  models  predicted 
the  rough-wall  experimental  Pitot  density  profiles  and  under  predicted  the  smooth  plate  profile. 
Near  the  freestream  each  turbulence  model  slightly  over  predicted  the  freestream  density  ratio, 

re 

by  1.0%. 

The  velocity  defect  plots  based  on  the  velocity  profiles  and  friction  velocity  from  the  Prandtl 
and  CAMMLE  models  are  shown  in  Figures  184  and  185,  respectively.  The  Prandtl  and  CAMMLE 
turbulence  models  predicted  almost  identical  velocity  defect  profiles  with  the  only  differences  at¬ 
tributed  to  slight  friction  velocity  value  differences.  For  all  six  plates,  the  friction  velocity  difference 
between  the  two  turbulence  models  was  less  than  2%.  The  velocity  defect  profiles  from  the  Prandtl 
and  CAMMLE  turbulence  models  match  the  Pitot  data  found  experimentally. 

Figures  186  through  191  show  the  numerically  predicted  Van  Driest  velocity  profiles  for  the 
six  plate  models  using  both  the  Prandtl  and  CAMMLE  turbulence  models.  Both  turbulence  models 
provide  nearly  identical  profiles  with  only  slight  exceptions  (notably:  the  sand-grain  roughened 
surfaces)  attributed  to  friction  velocity  differences.  The  match  between  the  smooth  plate  Pitot,  the 
logarithmic  “law  of  the  wall”  (including  Cole’s  “law  of  the  wake”  [50]),  and  the  model  predictions 
is  considered  excellent. 

For  the  rough  surface  plates,  the  turbulence  models  over  predict  the  downward  velocity  shift, 
^  attributed  to  the  numerically  predicted  friction  velocity  values.  The  numerically  predicted  fric¬ 
tion  velocity  values  were  over  predicted  by  as  much  as  20%.  To  estimate  the  difference  between  the 
Pitot  and  numerical  Driest  velocity  profiles,  the  friction  velocity  from  the  numerical  predictions 
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was  adjusted  to  match  the  experimental  data.  Table  14  gives  the  original  numerical  predictions  for 
the  friction  velocity,  the  adjusted  values,  and  the  percent  difference  from  the  numerical  predictions 
and  the  experimentally  estimated  values.  All  rough  plate  \hn  Driest  velocity  profiles  match  the  ex¬ 
perimental  profiles  for  friction  velocity  values  of  38.0  and  37.2  for  the  2D  and  3D  machined  plates, 
respectively,  and  34.0,  38.8,  and  38.8  for  the  80, 36,  and  20  grit  plates,  respectively.  These  adjusted 
values  were  within  4%  of  the  experimentally  determined  friction  velocities,  indicating  the  method 
used  to  numerically  determine  the  skin  friction  and  friction  velocity  for  the  turbulence  models  may 
require  slight  refinement. 

7.2.2  Thrbulent  Flow  Data 

Since  the  Prandtl  model  is  based  on  Favre-averaging,  T^y  =  —'pu"v".  Bowersox  [12]  has 
shown  that  '^"v"  =  ’pu'v'  (to  third  order).  Hence,  the  Prandtl  model  shear  stress  predictions  can 
be  compared  to  the  LDV  data.  The  CAMMLE  model  is  based  on  Reynolds-averaging  of  thin  layer 
type  flows, 

T^y  ~  —'pu'v'  —  upfv'  (181) 

Thus,  from  the  above  equation,  comparisons  with  the  cross-film  and  combined  cross-film/LDV  data 
are  appropriate. 

The  kinematic  Reynolds  shear  stress  numerical  predictions  for  each  turbulence  model  is  shown 
with  LDV  experimental  data  in  Figures  192  through  197.  For  the  smooth  plate,  the  Prandtl  and 
CAMMLE  models  accurately  predicted  the  incompressible  Reynolds  shear  stress  in  the  region  from 
approximately  y/6  =  0.4  to  the  freestream.  Below  y/8  «  0.4,  the  turbulence  models  under  pre¬ 
dicted  the  incompressible  Reynolds  shear  stress. 

For  the  rough  surface  plates,  the  models  again  accurately  predicted  the  incompressible  Reynolds 
shear  stress  from  y/6  =  0.4  to  the  freestream.  Below  y/8  «  0.4,  neither  model  matched  the  in- 
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crease  in  shear  stress  as  a  result  of  the  surface  roughness.  The  maximum  incompressible  Reynolds 
shear  stress  measured  using  LDV  was  as  much  as  133%  larger  than  that  predicted  by  the  turbulence 
models.  In  addition,  the  rough  surface  model  predictions,  when  scaled  by  the  local  quantities  did  not 
collapse  into  a  single  curve  as  was  the  case  for  the  LDV  experimental  data,  but  showed  an  increase 
in  the  incompressible  Reynolds  shear  stress  with  increasing  surface  roughness  height  and  blockage. 

The  mass  flux  shear  stress  numerical  predictions  (i.e.,  the  compressible  Reynolds  shear  stress) 
from  the  CAMMLE  model  are  shown  with  x-y  plane,  cross-film  experimental  data  in  Figures  198 
through  203.  The  cross-film  mass  flux  shear  stress  presented  in  the  Experimental  Information  sec¬ 
tion  has  been  shifted  left  by  the  freestream  mass  flux  shear  stress  value  attributed  to  freestream  tur¬ 
bulence  and  film  sensor  resolution.  Based  on  the  experimental  and  numerical  data,  the  CAMMLE 
model  slightly  under  predicts  the  mass  flux  shear  stress  in  the  outer  boundary  layer  region  (y/S  < 
0.4),  while  over  predicting  the  mass  flux  shear  stress  near  the  wall.  As  mentioned  in  the  Turbulence 
Intensity  subsection,  the  cross-film  sensor  is  sensitive  to  mass  flux  and,  thus,  the  thermal  boundary 
layer,  accounting  for  the  slight  difference  between  the  CAMMLE  model  and  the  experimental  data 
in  the  outer  boundary  layer  region  (y/S  >  1.0) 

The  maximum  experimental  mass  flux  shear  stress  (Figures  198  through  203)  is  —0.0037 
for  the  smooth  plate,— 0.0065  and  —0.0060  for  the  machined  2D  and  3D  plates,  respectively,  and 
-0.0061,  —0.0079,  —0.0084  for  the  80,  36,  and  20  grit  plates,  respectively  (note:  the  cross-film 
measurements  have  been  shifted  by  freestream  a:-y  plane  shear  stress  of  —0.0006).  The  CAMMLE 
model  maximum  mass  flux  shear  stress  was  15%  larger  than  the  experimental  data  for  the  smooth 
plate,  40%  and  46%  larger  for  the  machined  2D  and  3D  plates,  respectively,  and  23%,  18%,  and 
20%  larger  for  the  80,  36,  and  20  grit  plates,  respectively. 

The  CAMMLE  compressible  extension  provides  an  estimate  of  the  compressible 

components  of  the  Reynolds  shear  stress  and  is  compared  to  the  density-transverse  velocity  correla- 
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tion  [ffv')  obtained  from  combined  LDV  and  analysis  in  Figure  204.  The  density-transverse 
velocity  correlation  has  been  shifted  by  the  freestream  value.  The  CAMMLE  model  predicts  qual¬ 
itatively  correct  profile  shapes.  The  CAMMLE  model  also  predicts  the  increasing  compressible 
component  of  the  Reynolds  shear  stress  with  increasing  roughness  Reynolds  number. 

l.l.'i  Integral  Analysis 

The  following  quantities:  6,  61,  6k,  6,  H,  Cf,  u*,  and  kf  were  calculated  for  each  of  the 
six  models  based  on  numerical  predictions  by  the  CFD  code  and  turbulence  models.  Table  15  shows 
the  numerical  estimates  for  these  quantities.  The  numerical  predictions  show  that  increasing  rough¬ 
ness  height  and  blockage  increases  boundary  layer  thickness  as  was  the  case  for  the  experimentally 
collected  data.  The  numerical  predictions  for  the  boundary  layer  thickness  were  as  much  as  ±20% 
off  compared  to  the  Pitot  data. 

To  better  assess  the  affects  of  surface  roughness  on  integral  quantities.  Figures  205  and  206 
show  the  displacement  and  momentum  thicknesses  for  each  of  the  six  models  versus  roughness 
Reynolds  number.  The  logarithmic  relationship  for  the  displacement  and  momentum  thicknesses 
versus  roughness  Reynolds  number  found  in  the  experimental  data  is  also  shown  in  the  numerical 
data.  The  Prandtl  and  CAMMLE  models;  both  over  predict  the  kinematic  displacement  thickness 
and  provide  almost  identical  values  with  slight  variations  due  to  roughness  Reynolds  number  dif¬ 
ferences.  The  numerical  predication  for  the  kinematic  displacement  thickness  over  the  smooth  plate 
was  9%  larger  than  the  experimental  data,  and  between  16%  and  25%  larger  for  the  rough  surface 
plates.  For  the  momentum  thickness,  the  difference  between  the  numerical  and  experimental  values 
was  less  than  7%  for  all  plates  and  for  the  kinematic  momentum  thickness,  the  difference  was  less 
than  1%  for  the  smooth  plate  and  less  than  11%  for  the  rough  surface  plates. 
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The  skin  friction  and  friction  velocity  numerical  predictions  are  shown  in  Figures  207  and  208. 
For  the  smooth  plate,  the  skin  friction  and  friction  velocity  are  accurately  predicted  with  differences 
of  less  than  4%  and  2%  from  the  experimental  values,  respectively.  For  the  rough  surface  plates, 
the  numerical  data  follows  the  trend  exhibited  by  the  experimental  data,  with  increasing  roughness 
height  and  blockage  increasing  skin  friction  and  friction  velocity;  however,  the  method  of  determin¬ 
ing  the  rough  wall  skin  friction  over  predicts  the  value  by  as  much  as  40%  relative  to  the  experi¬ 
mental  values.  The  same  results  occur  for  the  friction  velocity  with  an  over  prediction  as  much  as  a 
20%. 

Overall  the  turbulence  models  did  a  credible  job  of  predicting  the  mean  and  turbulent  flow 
quantities  for  the  simple  smooth  plate  geometries.  Though  the  two  algebraic  turbulence  models 
match  the  velocity  and  density  profiles  fairly  well  for  the  smooth  and  rough  surface  models,  they 
are  less  accurate  in  predicting  the  Reynolds  shear  stress  in  the  near  wall  region  for  the  rough  surface 
models.  The  CAMMLE  model  did  a  reasonable  job  predicting  the  full  Reynolds  shear  stress  across 
the  boundary  layer  for  the  smooth  and  rough  surfaces. 
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Chapters  -  Discussion 


8.1  Dissertation  Summary 

As  discussed  in  Chapter  1,  the  understanding  of  rough  surface  supersonic  boundary  layer  flow 
is  of  great  importance  in  the  development  of  scramjet  engines,  turbine  blade  film  cooling,  and  possi¬ 
ble  radiation  reflection  reduction.  Two  methods  are  currently  used  to  provide  engineering  estimates 
for  the  design  of  aircraft  and  engines  with  surface  roughness;  they  are  semi-empirical  relations  and 
numerical  methods.  Both  methods  have  limitations  with  regard  to  high-speed  rough  surface  bound¬ 
ary  layers.  The  semi-empirical  relations  are  based  on  incompressible  rough  surface  relations  and 
compressibility  transformations  developed  for  smooth  flat  plates.  As  such,  these  relations  yield 
qualitative  information  at  best.  Numerical  methods  are  also  limited  by  the  available  compressible 
turbulence  database  and  the  use  of  compressibility  extensions  to  existing  low-speed  formulations  for 
all  but  Large  Eddy  Simulation  (LES)  and  Direct  Numerical  Simulation  (DNS).  For  these  reasons, 
research  into  the  effects  of  surface  roughness  in  a  high-speed  boundary  layer,  specifically  including 
turbulence  measurements,  is  of  timely  importance. 

The  overall  objective  of  this  research  was  to  provide  a  complete  characterization  of  rough  sur¬ 
face  high-speed  high  Reynolds  number  boundary  layer  flow.  The  extensive  experimental  techniques 
and  rough  surface  models  for  this  research  were  carefully  selected  to  enhance  the  understanding  of 
the  physics  of  high-speed  rough  surface  boundary  layers,  including  the  investigation  of  increasing 
roughness  height  and  blockage  in  fully  rough  flow.  The  experimental  data  was  also  used  to  eval¬ 
uate  two  algebraic  turbulence  models  along  with  the  Rotta  surface  roughness  model.  Three  semi- 
empirical  skin  friction  coefficient  relations  and  a  new  integral  method  of  predicting  skin  friction 
(developed  as  part  of  this  study)  were  evaluated.  Finally,  this  research  was  designed  to  expand  the 
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high-speed  experimental  database  both  for  pragmatic  engineering  concerns  and  to  provide  mean  and 
turbulent  data  for  use  in  developing  future  turbulence  models. 

Three  basic  types  of  experimental  information  were  obtained,  flow  visualization,  mean  flow 
quantity  measurements,  and  turbulent  quantity  measurements.  Visualization,  consisted  of  color 
schlieren  and  Laser  Sheet  Imaging  (LSI)  which  provided  averaged  and  instantaneous  flow  visu¬ 
alization,  respectively.  Mean  flow  quantities  were  measured  by  Pitot,  Laser  Doppler  \blocimetry 
(LDV),  and  Hot-Wire  Anemometry  (HW^).  These  measurements  provided  boundary  layer  velocity, 
density,  Mach  number,  and  mass  flux  data  across  the  rough  surface  turbulent  boundary  layer.  This 
mean  information  was  also  used  to  determine  integral  quantities  and  assess  the  suitability  of  current 
semi-empirical  relations  for  skin  friction  estimation. 

Besides  mean  flow  data,  LDV  and  HWA  also  provided  turbulence  information;  including  ve¬ 
locity  and  mass  flux  turbulence  intensity  and  shear  stress,  fluctuating  Mach  number,  Tbrbulent  Ki¬ 
netic  Energy  (TKE)  and  compressible  TKE.  Combining  LDV  and  HW\  (see  4.2.3)  provided  es¬ 
timations  of  the  density-traverse  velocity  correlations  or  apparent  traverse  mass  flux  which  gives 
a  direct  indication  of  compressibility  in  high-speed  flows.  Additional  HWA  measurements  using 
normal  and  parallel-film  probes  gave  energy  spectra,  micro  and  integral  length  scales,  and  flow 
stracture  angles. 

To  further  enhance  this  research,  six  flat  plate  models  were  chosen  consisting  of  a  smooth  flat 
plate,  two  uniformly  distributed  rough  surfaces,  and  three  sand-grain  rough  surfaces.  The  smooth 
plate  was  used  to  compare  with  the  rough  surfaces  and  with  previous  smooth  flat  plate  data  collected 
by  other  researchers.  The  rough  surface  plates  were  all  in  the  fully  rough  regime  and  specifically 
chosen  to  investigate  the  effects  of  surface  roughness  height  and  blockage  on  a  high-speed  turbulent 
boundary  layer. 
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8.2  Conclusions 


8.2.1  Experimental  Data 

The  present  experiments  demonstrated  that  for  fully  rough  surface  high-speed  boundary  layer 
flow,  roughness  height  and  blockage  had  a  strong  impact  on  compressible  turbulence  terms  (i.e., 
terms  with  p;).  Kinematic  turbulent  quantities  (e.g.,  velocity  turbulence  intensity,  kinematic  Reynolds 
shear  stress,  etc...)  were  less  influenced  by  increasing  surface  roughness  height  and  blockage.  These 
conclusions  were  indicated  by  the  color  schlieren  flow  visualization  and  experimentally  measured 
mean  and  turbulent  flow  quantities  discussed  below. 

The  initial  onset  of  surface  roughness  had  a  visible  effect  on  the  boundary  layer  and  freestream 
flow  due  to  compressibility  -  surface  roughness  interactions.  Color  schlieren  photography  identified 
significant  differences  between  smooth  flat  plate  and  rough  surface  boundary  layers  in  the  region 
where  roughness  elements  protraded  into  the  supersonic  portion  of  the  boundary  layer.  Compres¬ 
sion  and  expansion  waves  were  visible  over  machined  3D  and  sand-grain  roughness  plates  at  the 
nozzle  exit/rough  surface  interface  which  would  not  occur  over  low-speed  rough  surfaces.  This  ef¬ 
fect  is  related  to  both  the  surface  roughness  height  and  blockage.  The  magnitude  and  occurrence  of 
waves  over  sand-grain  roughness  models  increased  with  increasing  roughness  height.  The  blockage 
effect  is  illustrated  by  the  lack  of  visible  waves  over  the  2D  machined  rough  surface,  which  had  con¬ 
siderably  larger  blockage  (3.9  times  higher  in  the  streamwise  direction)  than  the  3D  rough  surface. 

Mean  and  turbulent  quantities  that  did  not  include  density  fluctuations  (i.e.,  velocity  turbulence 
intensities,  fluctuating  Mach  number,  kinematic  Reynolds  shear  stress,  turbulent  kinetic  energy,  and 
intermittency)  scaled  with  the  local  mean  flow  quantities.  The  fluctuating  quantities  had  a  weak 
dependence  on  roughness  height  and  blockage  for  fully  rough  surfaces  and  were  proportional  to 
ln(A:+). 
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Conversely,  mean  and  turbulent  quantities  that  included  density  fluctuations  did  not  scale  with 
the  local  mean  flow  quantities  and  were  significantly  affected  by  roughness  height  and  blockage. 
For  fully  rough  surfaces,  the  roughness  height  and  blockage  directly  affected  density  fluctuations 
appearing  in  the  mass  flux  turbulence  intensities,  mass  flux  shear  stresses,  density-traverse  veloc¬ 
ity  correlation,  and  the  compressible  turbulent  kinetic  energy,  and  for  the  sand-grain  roughnesses, 
in  a  linear  manner.  The  streamwise  mass  flux  turbulence  intensity  and  shear  stress  scaled  reason¬ 
ably  well  with  inner  variables  (wall  density,  friction  velocity,  and  wall  shear  stress).  These  results 
have  important  implications  for  numerical  modeling  of  both  Favre-  and  Reynolds-averaged  equa¬ 
tions.  Though  fluctuating  density  terms  do  not  explicitly  appear  in  the  Favre-averaged  Navier- 
Stokes  equations  (Section  2.2.2),  they  are  present  in  the  form  of  the  mean  traverse  Favre  fluctua¬ 
tion  velocity  (^)  (see  4.2.3)  in  the  Favre-averaged  turbulent  shear  stress  transport  equation.  The 
compressible  Reynolds-averaged  Navier-Stokes  equations  (Section  2.2.1)  must  account  for  density 
fluctuations  in  the  apparent  mass  flux,  Reynolds  shear  stress,  and  turbulent  heat  flux. 

Surface  roughness  had  a  large  effect  on  the  power  spectra,  size,  and  angle  of  flow  structures 
across  the  turbulent  boundary  layer.  Increasing  surface  roughness  height  and  blockage  increased 
the  power  spectra  and  the  power  spectra  difference  between  the  three  boundary  layer  regions,  and 
shifted  the  mass  flux  turbulent  power  to  lower  frequencies  in  the  near  wall  region.  The  effect  of 
surface  roughness  on  structure  size  was  to  move  the  sizes  toward  the  middle,  by  increasing  the  size 
of  the  small  scale  structures  and  decreasing  the  size  of  the  large  scale  structures.  The  larger  the 
roughness  height,  the  larger  the  effect,  as  evidenced  in  microscale  and  integral  length  scale  values. 
The  flow  structures  angles  were  smallest  near  the  wall  (lower  region)  and  increased  toward  the 
boundary  layer  edge.  Increasing  surface  roughness  height,  increased  the  flow  structure  angle,  with 
the  largest  effect  occurring  in  the  outer  boundary  layer  region.  These  results  will  be  useful  in  the 
development  of  turbulence  models,  including  Large  Eddy  Simulation  (LES). 
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8.2.2  Integral  Methods 

When  experimental  data  is  available,  the  integration  method  (using  the  boundary  layer  mo¬ 
mentum  thickness  at  two  locations)  developed  here  (see  Chapter  4)  and  the  sand-grain  roughness 
correlation  developed  by  Schlichting  [51]  provided  excellent  estimates  of  the  skin  friction  and  the 
equivalent  sand-grain  roughness,  respectively.  When  experimental  data  is  unavailable  and  the  equiv¬ 
alent  sand-grain  roughness  is  known  (or  can  be  found  based  on  an  effective  roughness  correlation), 
the  compressible  rough/smooth  wall  skin  friction  ratio  correlation  by  Goddard  provides  a  very  good 
estimate  (within  4%  of  present  data)  of  the  skin  friction  over  rough  surfaces. 

8.2.3  Numerical  Methods 

The  Prandtl  mixing  length  and  CAMMLE  turbulence  models  with  the  Rotta  surface  roughness 
model  did  a  credible  job  at  predicting  the  mean  and  turbulent  profiles  (qualitatively  correct  profile 
shapes)  for  simple  flat  plate  geometries.  The  two  algebraic  turbulence  models  matched  the  veloc¬ 
ity  and  density  profiles  well  for  the  flat  plate  and  rough  surface  models.  Both  models  accurately 
predicted  the  kinematic  Reynolds  shear  stress  across  the  boundary  layer  except  in  the  near  wall 
region  for  the  rough  surface  models.  The  CAMMLE  model  also  provided  estimates  of  the  com¬ 
pressible  Reynolds  shear  stress  and  the  density-traverse  velocity  correlation.  The  CAMMLE  model 
did  a  reasonable  job  predicting  the  mass  flux  shear  stress  across  the  boundary  layer  for  smooth  and 
rough  surfaces.  The  CAMMLE  turbulence  model  did  match  experimental  data  in  that  increasing 
roughness  Reynolds  number,  increased  the  compressible  Reynolds  shear  stress  and  density-velocity 
correlation. 

For  the  rough  surface  plates,  the  numerical  data  followed  the  trend  exhibited  by  the  experi¬ 
mental  data,  with  increasing  roughness  height  and  blockage,  increasing  skin  friction  and  friction 
velocity;  however,  the  method  of  determining  the  rough  wall  skin  friction  over  predicted  the  value 
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by  as  much  as  40%  relative  to  the  experimental  values.  The  same  results  occurred  for  the  friction 
velocity  with  an  over  prediction  up  to  20%.  Adjusted  skin  friction  values  that  matched  the  numer¬ 
ically  predicted  Van  Driest  velocity  profiles  with  the  experimental  data  were  calculated  and  found 
to  be  within  4%  of  the  experimentally  determined  friction  velocities. 

8.3  Recommendations 

The  information  and  improved  understanding  gathered  from  this  research  provided  a  detailed 
characterization  of  the  influence  of  surface  roughness  on  supersonic  turbulent  boundary  layer  flow. 
This  study  will  be  a  valuable  aid  to  researchers  and  engineers  in  the  development  of  semi-empirical 
relations  (such  as  those  in  Chapter  4)  and  turbulence  models  (such  as  those  in  Chapter  5).  However, 
three  areas  of  further  research  are  recommended. 

The  first  recommendation  is  for  the  accurate  measurement  of  the  local  wall  shear  stress  over 
rough  surfaces  using  a  rough  surface  skin  friction  gauge  small  enough  to  capture  the  local  skin  fric¬ 
tion.  A  skin  friction  gauge  similar  to  those  used  by  Hazelton  [29]  modified  to  include  appropriate 
surface  roughness  elements  would  provide  local  skin  friction  estimates.  Most  shear  stress  estimates 
are  based  on  drag  balance  measurements  over  the  entire  rough  surface  length  or  on  momentum  inte¬ 
gral  relations  and/or  pressure  gradient.  For  flat  plate  boundary  layer  flows,  the  kinematic  Reynolds 
shear  stress  near  the  wall  is  approximately  equal  to  the  wall  shear  stress.  For  rough  surfaces  this  is 
not  necessarily  the  case  due  to  surface  roughness  elements  protrading  into  the  boundary  layer.  For 
compressible  flows,  the  difference  between  the  kinematic  Reynolds  shear  stress  provided  by  two 
component  LDV  measurements  and  the  wall  shear  stress  found  using  a  local  skin  friction  gauge  can 
provide  information  on  the  magnitude  of  the  form  drag  due  to  surface  roughness. 

The  second  recommendation  is  to  extend  the  scope  of  the  machined  roughness  spacing  portion 
of  this  study  for  both  2D  and  3D  distributions  of  roughness  elements,  on  high-speed  turbulent  bound- 
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ary  layer  flows.  As  discussed  above  the  effect  of  surface  roughness  blockage  follows  the  trends 
of  surface  roughness  height;  however,  the  limited  quantity  of  machined  models  precludes  a  more 
detailed  examination.  A  systematic  study  varying  the  2D  and  3D  element  spacing  for  high-speed 
turbulent  flows  would  provide  insight  into  the  effect  of  compressibility  and  roughness  blockage. 
The  importance  of  which  can  be  seen  in  the  nozzle  exit/rough  surface  interface  where  compression 
and  expansion  waves  were  visible  over  the  3D  machined  roughness  elements  and  not  the  2D  ele¬ 
ments,  even  though  both  models  had  the  same  roughness  height.  The  2D  and  3D  element  spacing 
should  span  a  range  of  “wavelengths”.  A,  corresponding  to  \/k  values  covering  both  “d-type”  and 
“k-type”  [4,37,46]  roughnesses  discussed  in  Section  6.1.1.  The  study  should  include  measurement 
techniques  which  provide  kinematic  and  mass  flux  or  density  fluctuations  based  on  the  findings  of 
this  study. 

The  third  recommendation  is  to  evaluate  higher  order  turbulence  models,  such  as  the  AT  — 
turbulence  model  using  the  boundary  condition  roughness  model  outlined  in  Wilcox  [68]  and  the 
Reynolds  Shear  Stress  model.  Though  algebraic  turbulence  models  are  still  in  general  use  through¬ 
out  industry,  the  availability  of  faster  computational  resources  and  more  complicated  flow  field 
geometries  has  lead  to  the  use  of  higher  order  turbulence  models  to  more  accurately  predict  turbu¬ 
lent  flow  fields.  The  turbulent  quantities  measured  in  this  study  provide  valuable  information  for 
the  development  of  more  predictive  higher  order  turbulence  models. 
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APPENDIX  A  -  Hot-Film  Equipment  Setup,  Calibration,  and 


Multiple  Overheat 

This  appendix  covers  the  equipment  hardware  and  software  settings  along  with  the  hot-film 
calibration  and  data  reduction  information  for  each  of  the  four  hot-film  measurement  methods  used 
in  the  present  study.  The  four  hot-film  measurement  techniques  are  x-y  plane  cross-film,  x-z  plane 
cross-film,  normal-film,  and  parallel-film  probes. 

A.1  X-Y  Plane  Probe 
A.1.1  Single  Overheat 
A.1.1.1  Equipment  Setup 

The  hardware  was  connected  to  the  DANTEC  system  and  a  project  file  was  created.  The 
project  file  contains  information  regarding  the  hardware  setup,  experiments,  and  any  acquired  data 
files.  After  the  project  was  created,  a  hardware  and  experimental  setup  file  were  completed.  The 
hardware  setup  file  allows  the  setting  of  wire/film  resistance,  tuning,  and  conditioning  information, 
while  the  experimental  setup  describes  the  data  acquisition  and  triggering  information.  The  hard¬ 
ware  used  to  measure  the  x-y  plane  cross-film  data  consisted  of  the  DANTEC  Streamline  system 
and  a  TSI  1243-20  cross-film  probe.  The  hardware  setup  file  consisted  of  a  schematic  with  probe, 
holder,  and  DANTEC  connections;  probe  resistance  and  overheat  settings;  bridge  tuning  informa¬ 
tion;  and  signal  conditioning  information.  The  settings  for  the  x-y  axis  cross-film  measurements 
are  shown  in  Table  16 

Once  the  hardware  file  was  properly  setup,  an  experiment  file  was  created  which  outlines  the 
specific  data  to  be  collected,  the  acquisition  rate,  the  number  of  data  points  to  be  collected,  and  a 
trigger  (if  any).  Table  17  shows  the  specific  experiment  information  used  to  collected  data  for  the 
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x-y  plane  cross-film  measurements.  Table  17  also  includes  traverse  rate  information  which  is  not 
part  of  the  StreamLine  system  in  the  current  configuration. 

A.1.1.2  Calibration  and  Data  Reduction 

The  calibration  of  the  TSI  1243-20  x-y  plane  cross-film  probe  was  done  by  positioning  the 
probe  at  3. 175  cm  from  the  top  of  the  lower  surface  plates  (i.e.,  from  the  top  of  the  smooth  plate  or 
the  top  of  the  roughness  elements,  as  required)  using  the  travelling  telemicroscope.  Figure  209  is  a 
plot  of  the  Mach  2.9  tunnel  averaged  stagnation  pressure  and  cross-film  voltages  collected  during  a 
calibration  ran.  Five  points  from  the  cross-film  calibration  data  were  selected  and  placed  in  a  file  for 
each  wire  for  use  in  the  ^MnMShear  hot-film  data  reduction  software.  The  voltage  and  flow  variable 
data  points  are  processed  into  Nusselt  and  Reynolds  values,  respectively,  for  the  determination  of  the 
calibration  constants,  a  and  b.  As  an  example,  the  five  calibration  points,  and  calibration  constants 
are  shown  in  Table  18.  A  plot  of  the  Nusselt  and  Reynolds  values  along  with  the  line  fit  is  shown 
in  Figure  210.  The  data  reduction  consists  of  measuring  the  probe  deflection,  processing  the  cross¬ 
film  data,  and  putting  the  data  into  files  usable  by  WinMShear. 

For  the  TSI  1243-20  probe,  the  deflection  was  measured  at  two  locations.  A  total  of  three 
measurements  were  taken  at  each  location  measuring  the  amount  of  downward  probe  deflection. 
The  average  for  each  location  was  calculated  along  with  the  equation  of  a  line  through  the  two 
location  points.  The  line  equation  was  used  in  the  data  reduction  routine  to  properly  locate  the  y- 
axis  position  of  the  probe  at  it  was  traversed  through  the  boundary  layer. 

The  cross-film  data  processing  consisted  of  averaging  the  voltage  data  and  calculating  rms 
value  for  each  film  sensor,  along  with  the  two  sensor  cross-correlation  voltage  data.  The  average, 
rms,  and  cross-correlation  data  files,  combined  with  a  calibration  file  for  each  sensor  (and  each 
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overheat  ratio)  and  mean  flow  Pitot  information  were  used  by  the  WinMShear  program  to  calculate 
mean  and  turbulent  flow  information  over  the  smooth  and  rough  plates. 

A.1.2  Multiple  Overheat 

Seven  calibration  and  experimental  measurements  corresponding  to  different  film  temperatures 
were  completed  for  the  2D  plate  boundary  layer  flow  for  analysis  using  the  Multiple  Overheat  Hot- 
W^re  Anemometry  (MOH-HWV)  technique  developed  by  Bowersox  [14]. 

A.1.2.1  Equipment  Setup 

The  DANTEC  hardware  and  software  setup  for  the  x-y  plane  multiple  overheat  measurements 
are  shown  in  Table  19  and  17,  respectively.  The  hardware  setup  was  identical  to  the  single  overheat 
measurements  with  the  only  exception  being  the  external  resistance  values.  Table  20  gives  the 
external  resistance  values  and  corresponding  overheat  ratios  for  each  of  the  seven  measurements. 

A.1.2.2  Calibration  and  Data  Reduction 

The  calibration  of  the  TSl  1243-20  x-y  plane  cross-film  probe  was  done  in  the  same  manner  as 
the  single  overheat  measurements  with  a  calibration  required  for  each  of  the  seven  external  resistance 
values  (corresponding  to  seven  overheat  ratios).  Again,  the  voltage  and  flow  variable  data  points 
are  processed  into  Nusselt  and  Reynolds  values,  respectively,  for  the  determination  of  the  calibration 
constants,  a  and  b.  A  calibration  file  containing  the  calibration  constants  were  created  for  each  film 
sensor  (two  for  an  x-array  probe)  at  each  overheat  ratio. 

The  cross-film  data  processing  consisted  of  averaging  the  voltage  data  and  calculating  rms 
values  for  each  film  sensor,  along  with  the  two  sensor  cross-correlation  voltage  data  at  each  overheat 
ratio.  The  average,  rms,  and  cross-correlation  data  files,  combined  with  a  calibration  file  for  each 
sensor  (and  each  overheat  ratio)  and  mean  flow  Pitot  information  were  used  by  the  AMnMShear 
program  to  calculate  mean  and  turbulent  flow  information  over  the  smooth  and  rough  plates. 


132 


A.1.2.3  Results 


The  pu-  and  /w-components  of  the  mass  flux  turbulence  intensity  measured  using  the  x-y  plane 
cross-film  probe  are  shown  in  Figure  211.  The  figure  shows  the  experimental  data  reduced  using 
Single  Overheat  (SOH)  and  Quadratic  Least  Squares  (QLS)  MOH  reduction  techniques.  The  QLS 
MOH  method  matches  the  results  of  the  SOH  with  slight  differences  in  the  lower  boundary  layer 
region  and  near  the  boundary  layer  edge.  The  differences  between  the  QLS  MOH  and  the  SOH 
data  reduction  techniques  is  attributed  to  errors  introduced  in  the  hot-film  sensitivities  and  with  the 
numerical  difficulty  in  calculating  very  small  total  temperature  fluctuations.  The  total  temperature 
profile  and  total  temperature  turbulence  intensity  are  shown  in  Figures  212  and  213.  Figure  212 
shows  the  total  temperature  remains  approximately  constant  with  less  than  3%  variation  over  the 
entire  boundary  layer.  Figure  213  shows  a  total  temperature  turbulence  intensity  of  between  1% 
and  2%  in  the  freestream  and  less  than  4%  across  the  boundary  layer  with  the  largest  intensity  in 
the  boundary  layer  edge  region.  The  pu-  and  pv-  components  of  the  mass  flux  -  total  temperature 
correlation  are  shown  in  Figure  214  for  the  QLS  MOH  data  reduction  technique. 

A.2  X-Z  Plane  Probe  Equipment  Setup,  Calibration,  and  Reduction 

The  hardware  file  for  the  x-z  plane  cross-film  probe  was  identical  to  the  x-y  plane  probe  with 
the  exception  of  the  probe  itself  (a  TSI  1243AN-20)  and  sensor  resistances.  Tkble  21  shows  the 
settings  for  the  x-z  plane  cross-film  measurements.  The  experiment  file  was  setup  identically  to  the 
x-y  plane  cross-film  measurements.  The  probe  calibration  and  data  reduction  were  also  preformed 
in  the  same  manner  as  described  above  in  Section  A.  1.2.2. 

A.3  Normal- Wire  Probe  Equipment  Setup 

The  TSI  1218-20  normal-film  probe  was  used  to  collect  frequency  resolved  boundary  layer 
data.  The  normal-film  probe  was  ran  by  the  DANTEC  Streamline  system  with  the  film  voltage  data 
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collected  by  the  Nicolet  data  acquisition  system  set  for  250,000  samples  at  a  frequency  of  1  Mhz. 
The  normal-film  probe  DANTEC  hardware  setup  file  settings  are  shown  in  Table  22.  An  experiment 
file  was  not  required  for  this  experiment.  The  data  were  reduced  using  discrete  Fourier  transform 
and  autocorrelation  routines  discussed  in  Sections  4.2.4. 1  and  4.2.4.2,  respectively. 

A.4  Parallel-Wire  Probe  Equipment  Setup 

The  TSI  1246 AD-20  parallel-film  probe  was  used  to  collect  boundary  layer  flow  structure 
angularity  information.  Similar  to  the  normal-film  probe  the  parallel-film  probe  was  mn  by  the 
DANTEC  Streamline  system  with  the  film  voltage  data  collected  by  the  Nicolet  data  acquisition 
system  set  for  125,000  samples  at  a  frequency  of  1  Mhz  for  each  sensor.  The  parallel-film  probe 
DANTEC  hardware  setup  file  settings  are  shown  in  Table  23.  An  experiment  file  was  not  required 
for  this  experiment. 


134 


APPENDIX  B  -  LDV  General  Theory  and  Equipment  Setup 

The  hardware  used  to  acquire  Laser  Doppler  "Sfelocimetry  (LDV)  data  is  described  in  Section 
3.2.1.  This  appendix  presents  a  brief  description  of  the  LDV  general  theory  and  the  system  settings 
used  to  acquire  this  data. 


B.l  General  Theory 

Laser  Doppler  velocimetty  uses  the  wave-like  properties  of  light  to  measure  the  velocity  of 
tracer  particles  suspended  in  a  fluid  (or  gas)  of  interest.  When  two  laser  beams  of  identical  wave¬ 
length  cross,  an  interference  pattern  is  formed.  For  laser  beams  with  gaussian  distributions,  the 
intersection  of  the  beams  forms  a  ellipsoid  measurement  volume  with  fringe  pattern  spacing  depen¬ 


dent  on  the  beam  intersection  angle,  6,  and  the  wavelength  of  the  beams.  A,  and  is  given  by 

A/2 


(182) 


sin  (0/2) 

As  seed  (tracer)  particles  pass  through  the  measurement  volume  and  pass  across  the  alternating 
dark  and  light  fringe  patterns,  burst  of  scattered  light  is  created  and  is  called  a  Doppler  burst.  To 
eliminate  directional  ambiguity  for  a  given  Doppler  burst,  one  laser  beam  is  phase  shifted  40  Mhz 
from  the  other  using  a  Bragg  cell.  The  receiving  optics  of  the  DANTEC  LDV  system  collect  and 
multiply  this  Doppler  burst  for  processing  in  one  of  two  Burst  Spectrum  Analyzers  (BSAs)  available 
in  the  DANTEC  LDV  system.  The  BSAs  process  each  Doppler  burst  and  based  on  the  frequency, 
determine  the  individual  seed  particle  velocities.  The  BSAs  are  also  used  to  validate  Doppler  bursts 
to  insure  that  the  burst  consists  of  only  a  single  particle  that  has  passed  through  the  control  volume 
near  the  center.  When  sufficient,  valid  particle  velocities  have  been  measured,  statical  properties, 
such  as,  the  turbulence  intensity,  flatness,  and  skewness  can  be  determined.  For  a  two  component 
LDV  system  the  turbulent  velocity  cross-correlation  (turbulent  shear  stress)  can  also  be  determined. 
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A  more  thorough  discussion  on  the  theory  and  processing  of  Doppler  bursts  can  be  found  in  the 
DANTEC  BURSTware  Installation  and  User’s  Guide  [20],  DANTEC  BSA  Enhanced  User’s  Guide 
[22],  or  in  Principles  and  Practice  ofLaser-DopplerAnemometry  by  Durst,  Melling  and  Whitelaw 
[24], 

B.2  System  Settings 

The  DANTEC  BURSTvare  system  settings  consisted  of  three  menu  settings.  The  three  menus 
were  the  “Quick”,  “Soft”,  and  “BSA  Program”  menus  with  the  values  shown  in  Tables  24, 25,  and 
26,  respectively.  Under  the  “\hhd”  menu,  the  collection  method  was  set  to  “Valid  Data”.  For  data 
acquisition,  the  BSA  buffers  were  set  to  First  In,  First  Out  (FIFO)  with  a  record  length  16  samples. 
For  all  measurements,  the  u-component  burst  validity  rate  was  10  —  23%  with  no  less  than  4000 
valid  Doppler  bursts  per  data  point  and  the  u-component  validity  rate  was  4  —  9%  with  no  less  than 
2000  valid  Doppler  bursts. 
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APPENDIX  C  -  Uncertainty  Analysis 


Error  and  uncertainty  are  inherent  in  any  experimental  research.  This  section  attempts  to  iden¬ 
tify  sources  of  error  and  estimate  their  effects  on  the  present  data.  Based  on  the  analysis  presented 
in  Bowersox  [14]  this  study  uses  the  Euclidean  (L2)  norm  as  the  measure  of  error.  The  L2  norm  is 
defined  as  [58] 

V  n  n  1/2 


\\Xi\\2  =  \\xuX2,...,Xn\\2 


(183) 


for  a  given  set  of  data,  Xj.  The  total  dimensional  error  is  defined  as 


Ef  =  \\E,,\\^  = 


1=1 


1/2 


(184) 


where  /  is  a  function  dependent  on  Xj  and  E^^  is  the  error  associated  over  the  various  applicable 


measurements.  The  percent  or  nondimensional  error  is  given  by 

_  Ef 


f 


(185) 


which  is  the  total  error  nondimensionalized  by  the  mean  value.  The  reduced  data  error  bounds  are 
estimated  based  on  the  linearized  reduction  equations  and  include  the  propagation  of  measurement 
errors.  The  subsections  below  examine  the  measurement  and  propagation  errors  for  each  experi¬ 
mental  technique  with  the  assumption  that  all  errors  are  random  and  have  a  Gaussian  distribution. 


C.l  Measurement  Errors 

Seven  separate  measurement  techniques  were  used  to  collect  data  for  this  study.  They  are 
Pitot,  cross-film,  parallel-film,  and  normal-film  Hot-Wire  Anemometry  (HWA),  Laser  Doppler  \b- 
locimetry  (LDV),  color  schlieren,  and  Laser  Sheet  Imaging  (LSI)  measurements.  Typical  freestream 
conditions  and  HWA  parameters  are  shown  in  Tables  27  and  28,  respectively,  and  were  used  in  this 
analysis. 

Plenum  and  Pitot  pressure  was  measured  using  Endevco  pressure  transducers  which  measured 
gauge  pressure.  The  Endevco  pressure  transducers  had  accuracies  of  ±0.5%  [25],  while  the  Endevco 
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conditioner  had  a  maximum  gain  error  of  ±0.5%  and  a  gain  stability  of  ±0.2%  [26].  The  ambient 
air  pressure  was  measured  using  a  Druck  DPI  141  Resonant  Sensor  Barometer  with  an  accuracy  of 
±0.0001  atm.  The  error  introduced  by  any  ambient  air  pressure  inaccuracy  was  consider  negligible 
compared  to  the  pressure  transducer  and  conditioner  errors.  As  found  by  Volluz  [63],  turbulence 
induces  approximately  ±0.0068%  atm  error  for  Pitot  probe  measurements. 

The  calculation  of  boundary  layer  heights  has  large  errors  associated  with  the  geometry  of  the 
problem.  For  boundary  layers  near  the  freestream,  large  changes  in  y  give  small  changes  in  velocity 
and  since  every  measurement  has  some  associated  scatter,  the  error  in  boundary  layer  edge  place¬ 
ment  can  be  large.  The  Pitot  probe  boundary  layer  height  error  consisted  of  both  velocity  uncertainty 
and  vertical  probe  position  uncertainty.  The  velocity  uncertainty  was  determined  graphically  as  in 
Luker  [39]  and  found  to  be  20%.  The  vertical  probe  position  uncertainty  was  as  large  as  5%  giving 
a  boundary  layer  height  uncertainty  of  21%.  Boundary  layer  height  error  estimates  based  on  LDY 
color  schlieren  and  laser  sheet  images  were  extremely  difficult  to  ascertain  and  were  estimated  to 
be  at  least  as  large  as  the  Pitot  measurement  method.  Table  31  gives  the  boundary  layer  height  un¬ 
certainty. 

Multiple  overheat  (MOH)  measurements  by  Miller  [41]  and  McCann  [40]  in  the  AFIT  Mach 
2.9  wind  tunnel  has  shown  boundary  layer  total  temperature  rms  fluctuations  of  2.0%.  The  total 
temperature  rms  fluctuations  give  an  error  bound  on  total  temperature  measurements.  The  plenum 
total  temperature  thermocouple  and  conditioner  had  an  accuracy  of  ±1 K  with  the  total  temperature 
varying  not  more  than  ±1  K  during  a  tunnel  run. 

The  position  of  each  measurement  probe  also  has  associated  uncertainties  based  on  the  mea¬ 
sured  position  relative  to  the  tunnel  test  location  origin  and  probe  flexing  during  tunnel  operation. 
The  travelling  telemicroscope  provided  a  position  accuracy  of  ±0.0005  mm  for  the  scope  cross-hairs 
and  was  used  to  determine  the  probe  initial  position  relative  to  the  tops  of  the  surface  roughness  el- 
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ements  and  to  determine  the  amount  of  probe  flex  during  a  tunnel  run.  For  each  probe,  the  amount 
of  downward  deflection  at  two  points  in  the  f  lowfield  (near  the  wall  and  in  the  center  of  the  tunnel) 
was  measured  three  times  and  averaged  to  determine  a  linear  equation  giving  the  probes  deflected 
y-axis  position  using  LVDT  position  data.  For  each  probe,  the  variation  of  the  three  measurements 
was  not  more  than  ±0.05  mm;  however,  each  probe  vibrated  during  a  tunnel  run  leading  to  addi¬ 
tional  uncertainty.  The  x  and  y  position  accuracy  was  estimated  at  ±0.5  mm  with  probe  flex  giving 
an  additional  1.1  mm  error  in  the  «-axis  position  and  an  additional  uncertainty  for  the  y  position 
based  on  the  A/D  conversion  of  the  LVDT  voltage  output.  For  a  12  bit  A/D  convertor  measuring  a 
voltage  range  of  ±5.0  volts,  the  voltage  uncertainty  was  ±0.0024  V  with  a  position  uncertainty  of 
±0.015  mm.  The  z-axis  position  error  was  estimated  to  be  twice  the  x-  and  y-axis  position  error 
(±1.0  mm). 

Based  on  the  hot-wire  measurements,  the  freestream  film  sensor  voltage  fluctuation  rms  value 
was  found  to  be  less  than  1.0%.  TWo  types  of  sensor  angular  alignment  errors  exist.  The  first  is  the 
angular  probe  alignment  error  relative  to  the  tunnel  coordinates  and  the  second  is  the  film  sensor 
angular  error  relative  to  the  probe  leads  and  body.  The  probe  was  calibrated  with  the  identical 
angular  position  relative  to  the  tunnel  coordinates  before  each  experimental  mn  greatly  decreasing 
this  source  of  angular  error.  The  second  error  due  to  hot-film  sensor  misalignment  is  estimated  at 
less  than  1%  based  on  freestreeun  cross-film  mean  flow  angle  measurements.  An  additional  error 
of  ±0.0024  V  was  included  for  the  hot-wire  voltage  error  based  on  A/D  conversion. 

The  hardware  and  software  setup,  laser  alignment,  and  experimental  procedures  for  the  LDV 
measurements  follow  the  methods  outlined  in  Luker  [39]  for  turbulence  measurements  in  the  AFTT 
Mach  2.9  wind  tunnel.  An  excellent  discussion  and  analysis  of  LDV  measurement  uncertainties 
can  be  found  in  Appendix  B  of  Luker  [39].  Based  on  identical  equipment  setup  and  similar  flow 
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conditions,  the  uncertainty  analysis  by  Luker  is  deemed  to  provide  an  accurate  assessment  of  LDV 
measurement  uncertainty  and  is  used  for  this  study. 

The  pressure,  temperature,  position  and  film  voltage  measurement  errors  are  shown  in  Table 
29.  While  the  LDV  measurement  errors  are  shown  in  Table  30. 

C.2  Error  Propagation 

The  measurement  errors  listed  in  Tables  29  and  30  influence  all  subsequent  data  reduction. 
The  subsections  below  cover  the  propagated  error  for  each  measurement  technique. 

C.2.1  Properties  Determined  with  Pitot  Probes 

The  Pitot  probe  mean  flow  estimations  are  based  primarily  on  the  local  Mach  number,  with  the 

Mach  Number  calculated  using  the  Rayleigh-Pitot  tube  formula  given  in  Equation  (73).  The  static 

pressure  is  determined  from  the  freestream  Mach  number  found  using  Equation  (72).  As  an  example 

of  error  propagation,  applying  Equations  (184)  and  (185)  to  Equation  (72)  gives  the  percent  error 

in  Moo  as  _ 

_Emoo_  IfOMooEp^y  fdM^Ep^^y 

Moo  V  V  ^Poi  Moo  y  V  dPo2  Moo  J 

Which  gives 

_Emoo_  I(-Po2Ep^X  ,  (  1  EPo.\^ 

Moo  Vv^^ol  \PolM^) 

The  static  pressure.  Pi,  percent  error  is  defined  as 

_Ppi_  If  dPi  ,  f  dPi  PmooV 

Pi  \l\dPoi  Pi  )  ^[dMoo  Pi  ) 
using  the  isentropic  relationship  for  the  pressure  ratio,  Poi/Pi,  the  static  pressure  percent  error 

becomes 
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Finally,  assuming  the  static  pressure  is  constant  across  the  boundary  layer,  the  Mach  number  percent 


error  is  found  by  applying  Equations  ( 1 84)  and  ( 1 85)  to  the  Rayleigh-Pitot  tube  formula  which  gives 

Em  l(aMEp.\^  faMEp,,^ 

and 

Em  lf-Po2Epy  ,  flEp^X  (191) 


£M  = 
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1  E., 


M  ]j\  P^  M  J  '  \Pi  M 

The  Mach  number  and  total  temperature  measured  in  the  tunnel  plenum  was  used  to  calculate 

the  mean  local  tunnel  static  temperature,  Ti,  assuming  isentropic  flow.  The  equation  of  state  and 

ideal  gas  laws  were  used  to  calculate  mean  density,  speed,  and  mass  flux.  Ikble  32  presents  the 

propagation  errors  of  the  Pitot  pressure  measurements.  Propagated  error  estimates  for  Van  Driest 

parameters  were  calculated  as  in  Luker  [39]  and  are  also  given  in  Table  32.  The  error  in  the  wall 

shear  stress  for  the  smooth  plate  has  been  documented  as  approximately  10%  [11]  and  was  used  for 

the  rough  surface  wall  shear  stress  error  estimate. 


C.2.2  Properties  Determined  with  HWk 


C.2.2.1  Cross-Film  Probes 

Single  overheat  (SOH)  and  Multiple  Overheat  (MOH)  (see  Appendix  A)  was  used  to 
measure  mass  flux  mean  and  fluctuating  quantities  over  the  six  surfaces.  For  SOH  analysis  the 
total  temperature  fluctuations  are  assumed  to  be  negligible  which  has  been  shown  to  be  less  than 
2%  [41]  for  the  smooth  wall  boundary  and  less  than  4%  for  the  2D  rough  surface  plate  (see  Appendix 
A).  For  H\NA,  the  relationship  between  the  Nusselt  number  and  Reynolds  number  [Equation  (90)] 
is  used  to  determine  the  mass  flux  over  a  hot-wire  sensor  based  on  the  amount  of  voltage  required 
to  maintain  the  sensor  at  a  constant  temperature  in  a  turbulent  f  lowfield.  The  error  in  the  Nusselt 
number  is  a  function  of  the  measured  voltage  and  total  temperature  error,  while  the  error  in  the 
effective  Reynolds  number,  Reg,  is  based  on  Equation  (95).  A  logarithmic/derivative  analysis  was 
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performed  on  the  hot-wire  data  reduction  equations  shown  in  Chapter  4  [49].  The  error  in  the  v- 
and  w-components  of  mass  flux  were  assumed  to  be  the  same  as  the  streamwise  or  u-component. 
Table  33  summaries  the  propagation  errors  for  hot-film  probe  measurements. 

C.2.2.2  Normal-Film  Probe 

The  normal-film  probe  was  used  to  collect  frequency  resolved  power  spectra,  microscale, and 
integral  scale  values  for  each  of  the  six  surface  plates.  The  maximum  power  spectra  normalized 
standard  error  is  given  by  eps  =  [5],  where  N  is  the  number  of  data  blocks.  The  microscale 

values  were  determined  by  fitting  an  “osculating  ”  parabola  to  the  first  few  points  of  the  normal- 
film  autocorrelation  function  with  errors  introduced  due  to  film  voltage  fluctuations  and  the  data 
acquisition  rate  (1  Mhz).  For  each  hot-film  voltage  measurement,  128  ksamples  (131,072)  were 
acquired,  which  were  processed  in  1024  blocks  giving  a  film  voltage  error  of  less  than  1%  (based 
on  a  Chi-Square  distribution).  Hence,  the  primary  error  component  of  the  microscale  value  (and 
integral  scale  to  a  lessor  degree)  is  the  data  acquisition  rate.  This  leads  to  a  microscale  error  bound 
of  ±0.5/xsec.  For  a  microscale  estimate  of  ~20/Ltsec,  the  percent  error  is  ±2.5%.  Since  the  integral 
scale  estimate  is  found  by  integrating  the  autocorrelation  function  from  r  =  0  to  oo,  the  integral 
scale  is  considerably  less  affected  by  the  data  acquisition  rate;  however,  for  this  study,  the  integral 
scale  is  assumed  to  have  an  error  equal  to  the  microscale.  Table  34  includes  the  propagation  errors 
for  normal-film  measurements. 

C.2.2.3  Parallel-Film  Probes 

The  parallel-film  probe  was  used  to  collect  film  voltage  cross-correlation  data,  which,  in  turn, 
was  used  to  determine  the  flow  structure  angle  (see  Equation  (137)).  The  flow  structure  angle 
error  is  dependent  upon  the  wire  separation  distance  error,  mean  local  velocity  error,  and  the  cross¬ 
correlation  peak  time  lag  error.  For  a  wire  separation  of  1.85  mm,  the  travelling  telemicroscope 


142 


gave  an  error  of  Sw  <C  1%  and  is  considered  negligible.  Assuming  a  mean  local  velocity  error  of 
10  m/s  in  a  590  m/s  streamwise  flow,  the  mean  local  velocity  error  is  approximately  2%.  Finally, 
for  the  six  plates  the  cross-correlation  peak  time  lag  ranged  from  1  to  3  ^sec.  Figure  215  shows  a 
typical  flow  structure  angle  versus  the  cross-correlation  peak  time  lag.  Assuming  an  error  of  one 
half  the  distance  from  a  given  time  lag  to  an  adjacent  value  (an  interval  of  ljusec  for  the  IMhz  data 
acquisition  rate)  the  maximum  error  occurs  between  a  peak  lag  of  0  -  l^sec  leading  to  a  maximum 
angular  error  of  ±14.4%  (see  Table  34).  For  this  study,  the  flow  structure  angle  error  is  dominated 
by  the  data  acquisition  rate,  with  both  the  mean  local  velocity  and  wire  separation  distance  errors 
assumed  to  be  negligible. 

C.2.3  Properties  Determined  with  LDV 

The  propagation  errors  based  on  LDV  measurements  are  shown  in  Tkble  35  and  are  based  on 
the  uncertainty  analysis  by  Luker  [39]. 

C.2.4  Properties  Determined  with  Combined  HVSA  and  LDV 

Using  the  uncertainty  analysis  shown  above,  the  estimated  errors  for  the  traverse  apparent  mass 
flux  and  mean  density  were  determined  and  are  also  shown  in  Table  35.  The  traverse  apparent  mass 
flux  error  is  dependent  upon  the  kinematic  Reynolds  shear  stress  and  the  mass-flux  turbulent  shear 
stress  errors,  while  the  mean  density  is  dependent  upon  the  mean  mass  flux  and  mean  velocity  errors. 
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APPENDIX  D  -  Numerical  Validation  Methods 


Prior  to  numerically  predicting  the  boundary  layer  f  lowfield  over  smooth  and  rough  surface  flat 
plates  using  the  parabolized  Navier-Stokes  solver  discussed  in  Chapter  5,  a  grid  study  and  turbulence 
model  validation  were  performed.  The  two  sections  below  briefly  discuss  the  results  of  the  grid 
resolution  study  and  turbulence  model  validation. 

D.l  Grid  Resolution 

A  grid  resolution  study  was  performed  prior  to  numerically  predicting  the  boundary  layer  flow- 
field  for  this  study.  The  purpose  of  the  grid  resolution  study  was  to  determine  the  lowest  resolution 
grid  which  gave  computed  results  identical  to  higher  resolution  grids.  The  lowest  resolution  grid 
required  the  least  computation  time  and  was  used  to  compute  the  results  found  in  Chapter  7. 

Three  grid  resolutions  are  presented  in  this  section.  They  are  101  x  201,  101  x  251,  and  201 
X  251,  with  the  first  number  representing  the  x-axis  or  streamwise  stations  and  the  second  number 
representing  the  y-axis  or  traverse  nodes.  The  grid  resolutions  are  tabulated  in  Table  36  along  with 
the  streamwise  grid  spacing  and  the  first  traverse  spacing  value.  Lower  resolutions  were  also  tried 
but  were  found  to  be  inadequate  and  are  not  presented  here. 

Figures  216,  217,  and  218  show  the  velocity,  density,  and  kinematic  shear  stress  profiles,  re¬ 
spectively,  for  each  of  the  three  grid  resolutions  using  the  inflow  conditions  shown  in  Table  4  for  the 
smooth  plate.  The  numerical  data  show  that  the  results  are  identical  for  each  of  the  three  grid  reso¬ 
lutions  with  very  slight  variations  for  the  kinematic  Reynolds  shear  stress  values.  Only  the  Prandtl 
mixing  length  results  are  shown  in  this  analysis,  since  the  Compressible  Apparent  Mass  Mixing 
Length  Extension  (CAMMLE)  model  gave  identical  results. 
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D.2  Tbrbulence  Model  Validation 


The  Prandtl  and  CAMMLE  turbulence  models  were  validated  using  the  compressible  Van  Dri¬ 
est  velocity  profile  correlation  found  in  White  [66]  (after  White  and  Christoph  [65]).  For  zero  pres¬ 
sure  gradient  and  heat  flux,  compressible  boundary  layer  flow;  the  Van  Driest  velocity  profile  is 
given  by 

(192) 

with 

1J+  —  and  -7  — 

Vo  —e  ana  7  — 

where  k  and  B  are  given  by  the  low-speed  logarithmic  correlation,  r  is  the  recovery  factor,  u*  is 
the  friction  velocity,  Cp  is  the  specific  heat  at  constant  pressure,  and  is  the  wall  boundary  tem¬ 
perature.  Figure  219  shows  the  Van  Driest  velocity  profiles  for  the  Prandtl  mixing  length  model  for 
each  grid  resolution  versus  the  theory  outlined  above  (again  only  the  Prandtl  model  is  shown  since 
the  CAMMLE  model  gave  identical  results).  The  agreement  between  the  theory  and  turbulence 
models  is  considered  excellent,  validating  the  Prandtl  and  CAMMLE  models  as  implemented  in  the 
parabolized  Navier-Stokes  solver  used  in  this  study. 
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APPENDIX  E  -  Supplemental  Data 

This  appendix  presents  supplemental  measurement  data  covering  experimental  repeatability 
and  tunnel  flowfield  characteristics,  as  well  as,  additional  mean  and  turbulence  data. 

E.l  RepeatabUity  and  TWo-Dimensionality 

Additional  Pitot  and  Hot-Wire  Anemometry  (HWA)  measurements  were  performed  to  assess 
the  repeatability  of  each  measurement  method.  The  repeatability  of  Laser  Doppler  \felocimetry 
(LDV)  method  has  been  shown  by  Luker  [39]  for  the  Mach  2.9  tunnel  and  DANTEC  LDV  equip¬ 
ment.  Figures  220  and  221  show  the  velocity  and  Pitot  probe  total  pressure  profiles,  respectively, 
for  the  2D  rough  surface  plate.  Both  figures  include  two  separate  experimental  runs  and  show  out¬ 
standing  Pitot  probe  repeatability  (within  experimental  scatter). 

For  the  HWV  system,  two  experimental  measurements  were  completed  for  each  plate  using 
both  the  x-y  and  x-z  plane,  cross-film  probes.  The  x-y  plane,  cross-film  probe  results  are  shown  in 
Figures  222  through  225.  Figure  222  shows  the  x-y  plane,  cross-film,  pu-component  of  the  mean 
mass  flux.  The  pu-  and  /w-turbulence  intensities  are  shown  in  Figures  223  and  224,  respectively. 
Finally,  the  x-y  plane,  cross-film,  mass  flux  shear  stress  is  shown  in  Figure  225.  The  repeatability 
of  HWA  is  within  the  uncertainty  eluded  to  in  Appendix  C  and  is  considered  excellent. 

The  flowfield  two-dimensionality  was  checked  by  making  three  Pitot  pressure  measurement 
profiles  at  the  test  location  for  the  smooth  plate  (i.e.,  z  =0,  ±1.27  cm).  The  velocity  profiles 
calculated  from  the  Pitot  probe  total  pressure  are  shown  in  Figure  226  and  indicate  the  flowfield 
was  two-dimensional. 

E.2  Supplemental  Data 

The  information  in  Chapter  6  was  presented  in  a  manner  to  facilitate  the  comparison  of  ex¬ 
perimental  results  for  each  of  the  six  plates.  To  this  end,  experimental  values  for  all  six  plates  are 
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combined  on  single  plots.  This  section  presents  data  from  different  sources  (i.e.,  Pitot,  LOy  et...) 
for  each  individual  plate  allowing  a  less  cluttered  format,  as  well  as,  additional  results  not  presented 
in  Chapter  6. 

Mean  flow  results,  including  mean  velocity,  Mach,  density,  and  mass  flux  profiles  are  shown  in 
Figures  227  through  250.  Figures  227  through  232  show  the  velocity  profiles  from  Pitot  and  LDV 
measurements  for  each  of  the  six  models,  respectively.  Figures  233  through  238  show  the  Mach 
profiles  and  Figures  239  through  244  show  the  density  profiles  for  Pitot  and  LDV  measurements. 
The  mean  mass  flux  profiles  measured  using  Pitot,  LDV  and  HW\  are  shown  in  Figures  245  through 
250. 

Additional  turbulence  measurement  results  are  shown  in  Figures  25 1  through  257.  Figure  251 
shows  the  x-z  plane,  cross-film,  mass  flux  turbulence  intensity  profiles.  The  data  agrees  with  the 
x-y  plane,  cross-film,  mass  flux  turbulence  intensity  profiles  with  the  exception  of  the  near  wall 
region.  The  near  wall  region  differences  are  attributed  to  the  probe  geometry  in  which  one  film 
sensor  is  below  the  other. 

As  a  comparison,  the  incompressible  Reynolds  shear  stress  from  the  LDV  measurements  and 
the  separated  cross-film  data  are  shown  in  Figures  252  through  257  for  each  of  the  six  models. 
The  separated  cross-film  data  has  been  shifted  left  a  value  of  0.03,  representing  the  difference  in 
freestream  measurements  between  the  LDV  and  cross-film  values.  That  is,  the  cross-film  measure¬ 
ments  typically  have  a  larger  freestream  turbulence  intensity  than  corresponding  LDV  measure¬ 
ments.  All  values  agree  exceptionally  well  in  terms  of  magnitude  and  slope  with  the  exception  of 
the  2D  and  20  grit  plates. 
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APPENDIX  F  -  Datalkbles 


This  appendix  presents  the  experimental  data  from  the  Pitot,  Hot-Wire  Anemometry  (HWA) 
and  Laser  Doppler  \felocimetry  (LDV)  measurement  techniques.  Tables  37  through  42  show  the 
tabulated  Pitot  reduced  data.  Tables  43  through  48  show  the  tabulated  x-y  plane  cross-film  probe 
reduced  data.  Tkbles  49  through  54  show  the  tabulated  x-z  plane  cross-film  probe  reduced  data. 
Finally,  Tables  55  through  60  show  the  tabulated  LDV  reduced  data. 
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Table  1.  Settles  and  Dodson  Criteria  for  Useful  Turbulence  Data. 


Settles  and  Dodson  Criteria _ 

1.  Baseline  applicability _ 

2.  Simplicity _ 

3.  Specific  applicability _ 

4.  Well-defined  experimental  boundary  conditons 

5.  Wbll-defined  experimental  error  bounds 

6.  Adequate  documentation  of  data _ 

7«  Adequate  spatial  resolution  of  data _ 


Table  2.  Length  and  \felocity  Scales 


Turbulence  Region 

Scale 

Laminar  Sublayer 

\felocity:  u* 

Inner  Region 

Length:  y 

Outer  Region 

Length:  6 

Wocity:  Ue 

Table  3.  Surface  Roughness  Statistics 


Surface  Roughness 

Model 

Mean 

ifim) 

Std.  Dev. 

(ym) 

Flat  Plate 

6.7 

20.3 

5.4 

N/A 

N/A 

2D  Plate 

559 

N/A 

24.2 

mBm 

3D  Plate 

559 

N/A 

24.2 

0.416 

BS9 

80  Grit  Plate 

529.9 

1045 

m.i 

wg^ 

36  Grit  Plate 

902.3 

1411 

342.2 

0.902 

20  Grit  Plate 

824.6 

1651 

496.0 

0.827 

0.824 

Table  4.  CFD  Inflow  Flow  Conditions 


Model 

Tref  (K) 

^wall 

ks  (mm) 

K 

Flat  Plate 

WBSM 

276.2 

N/A 

N/A 

2D  Plate 

WBm 

■in 

274.1 

1.09 

289 

3D  Plate 

2.73 

117.6 

273.2 

0.91 

241 

80  Grit  Plate 

2.73 

0.2697 

117.1 

273.1 

0.44 

104 

36  Grit  Plate 

2.72 

0.2743 

117.6 

272.7 

1.42 

395 

20  Grit  Plate 

2.70 

0.2805 

118.5 

272.5 

1.98 

571 
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Table  5.  Measurement  Flow  Conditions 


Measurement 

Pt(Pa) 

Tt(K) 

Pitot 

2.17 

'W 

± 

0.4% 

296 

± 

1.0 

Cross-Film  (x-y  Plane) 

2.22 

10® 

± 

0.3% 

293 

± 

1.0 

Cross-Film  (x-z  Plane) 

2.39 

10® 

± 

0.3% 

296 

± 

1.0 

Laser  Doppler  \felocimetry 

2.41 

10® 

± 

0.5% 

294 

± 

1.0 

High-Frequency  Normal-Film 

2.41 

10® 

± 

0.2% 

296 

± 

1.0 

High-Frequency  Parallel-Film 

2.33 

10® 

± 

0.3% 

296 

± 

1.0 

Color  Schlieren 

2.17 

10® 

± 

0.4% 

296 

± 

1.0 

Laser  Sheet  Imaging 

2.17 

10® 

± 

0.4% 

296 

± 

1.0 

Table  6.  Reference  Values 


Pitot 

LDV 

Schlieren 

Model 

6 

(mm) 

Sm 

(mm) 

Uoo 

(m/s) 

Moo 

6 

(mm) 

(mm) 

«oo 

(m/s) 

Moo 

Sj’ 

(mm) 

Flat  Plate 

12.4 

15.4 

598.3 

2.75 

10.2 

11.1 

602.6 

2.80 

13.8 

2D  Plate 

16.8 

18.1 

593.4 

2.73 

19.2 

21.9 

590.5 

2.68 

16.0 

3D  Plate 

15.8 

17.3 

592.3 

2.73 

15.3 

17.0 

593.1 

2.69 

15.1 

80  Grit  Plate 

14.7 

16.3 

593.0 

2.73 

14.1 

15.9 

592.5 

2.68 

15.3 

36  Grit  Plate 

18.0 

19.2 

591.5 

2.72 

19.7 

21.5 

590.5 

2.65 

17.3 

20  Grit  Plate 

17.7 

18.2 

589.3 

2.70 

21.1 

24.3 

591.3 

2.66 

18.3 

Table  7.  Laser  Sheet  Image  Data 


Boundary  Layer  Structure 

Model 

High  (mm) 

Low  (mm) 

Ratio 

Flat  Plate 

■UH 

6.9 

0.62 

2D  Plate 

9.9 

0.63 

3D  Plate 

9.9 

0.63 

80  Grit  Plate 

14.3 

8.4 

0.59 

36  Grit  Plate 

15.4 

11.7 

0.76 

20  Grit  Plate 

17.1 

11.1 

0.65 
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Table  8.  Tbrbulent  Quantity,  Roughness  Reynolds  Number  Slopes 


VI 

dA(pu)f 

dA(p„y 

dkt 

dkt 

dkt 

0.0025 

0.0044 

0.0106 

7.25-10-5 

5.64-10-5 

1.14-10-5 

dA(p^y(pp)f 

dkt 

dkt 

4.83-10-5 

-0.097 

8.06-10-6 

5.62-10-6 

3.73-10-5 

7.59- 10-"^ 

3.74-10-5 

dimicroscale)  \ 

dkf -  \y/S=0.25 

dimicroscale)  \ 

dkj -  |3//«=0.50 

dimicroscale)  \ 

dkt —  \y/6=0.75 

5.29- 10-® 

4.81-10-9 

2.48-10-9 

Table  9.  Power  Spectra  Difference,  Roughness  Reynolds  Number  Slopes 


Frequency  (Hz) 

d(lnkt) 

^Apu(f)^rn,i 

dkt 

dApu(f)^^^ 

dkt 

977 

WSSSSM 

■HBH 

■HGH 

1955 

KEO 

IBEEB 

3910 

4.1-10-6 

2.0-10-5 

1.8-10-5 

5860 

3.2-10-6 

to 

1 

o 

1.9-10-5 

7810 

2.6-10-6 

0.98-10-5 

1.3-10-5 

9770 

2.0-10-6 

0.99-10-5 

1.3-10-5 

Table  10.  TUrbulent  Length  Scales 


Microscale  (fx  sec) 

Integral  Length  Scale  (/xsec) 

Model 

y/^lo.25 

y/^lo.5o 

y/^lo.75 

y/^lo.25 

y/^lo.50 

y/^lo.75 

Flat  Plate 

20.1 

17.8 

17.4 

117 

144 

203 

2D  Plate 

23.2 

20.6 

18.3 

77.6 

97.7 

79.8 

3D  Plate 

21.8 

19.2 

17.3 

68.6 

96.4 

88.6 

80  Grit  Plate 

21.4 

19.3 

18.3 

80.0 

106 

150 

36  Grit  Plate 

22.5 

19.6 

18.0 

66.6 

80.5 

65.1 

20  Grit  Plate 

23.4 

21.2 

19.3 

59.2 

59.6 

70.0 
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Table  11.  Flow  Structure  Angle 


Model 

Flow  Structure  Angle  (deg) 

y/^lo.25  y/^lo.50  y/^lo.75 

Flat  Plate 

35 

44 

61 

2D  Plate 

40 

35 

37 

3D  Plate 

40 

46 

52 

80  Grit  Plate 

37 

46 

43 

36  Grit  Plate 

50 

46 

62 

20  Grit  Plate 

51 

47 

52 

Table  12.  Integral  Analysis 


Model 

msm 

im 

Ok 

(mm) 

0 

(mm) 

HI 

^  w 

(Pa) 

1^ 

Flat  Plate 

12.4 

15.4 

1.30 

3.32 

1.09 

0.80 

0.00159 

74.2 

25.8 

2D  Plate 

16.8 

18.1 

2.70 

5.82 

1.99 

1.32 

0.00375 

178.7 

39.2 

3D  Plate 

15.8 

17.3 

2.64 

5.67 

1.92 

1.29 

0.00365 

175.1 

38.5 

80  Grit  Plate 

14.7 

16.3 

2.09 

4.77 

1.62 

1.11 

0.00304 

144.2 

35.3 

36  Grit  Plate 

19.2 

2.89 

6.24 

2.14 

1.43 

0.00400 

191.9 

40.3 

20  Grit  Plate 

17.7 

18.2 

3.00 

6.26 

2.18 

1.45 

0.00410 

199.8 

40.4 

Table  13.  Integral  Quantity,  Roughness  Reynolds  Number  Slopes 


n 

0.55 

0.35 

6.5-10-4 

dS* 

d9 

^PHI 

0.93 

0.21 

3.2 
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Tkble  14.  Adjusted  Friction  "Sfelocity  Values 


Model 

Pitot 

u*  (m/s) 

LDV 

Prandtl  TUrb.  Model 

CAMMLE  Tiirb.  Model 

Adjusted 
u*  (m/s) 

%  Diff. 

Adjusted 

u*  (m/s) 

%  Diff. 

Adjusted 

u*  (m/s) 

%Diff. 

Flat  Plate 

26.8 

+3.5 

N/A 

N/A 

N/A 

N/A 

2D  Plate 

38.2 

-2.5 

38.0 

-3.0 

38.0 

-3.0 

3D  Plate 

38.5 

38.8 

+0.7 

31.2 

-3.5 

37.6 

-2.4 

80  Grit  Plate 

35.3 

34.9 

-1.1 

34.0 

-3.7 

34.0 

-3.7 

36  Grit  Plate 

40.3 

39.8 

-1.2 

38.8 

-3.7 

38.8 

-3.7 

20  Grit  Plate 

40.4 

40.1 

-0.8 

38.8 

-4.0 

38.8 

-4.0 

Table  15.  CFD  Integral  Analysis 


Model 

6 

(mm) 

6* 

(mm) 

(mm) 

9 

(mm) 

H 

- W - 

dx 

Cf 

u* 

(m/s) 

K 

Flat  Plate:  Prandtl 

1.42 

1.09 

1.31 

0.00153 

25.4 

N/A 

CAMMLE 

1.42 

1.09 

1.31 

0.00153 

25.4 

N/A 

2D  Plate:  Prandtl 

16.2 

3.22 

2.16 

1.49 

0.00427 

42.2 

304 

CAMMLE 

16.2 

3.22 

2.16 

1.37 

1.49 

0.00424 

41.9 

302 

3D  Plate:  Prandtl 

15.6 

3.08 

2.08 

1.33 

1.48 

41.3 

251 

CAMMLE 

15.6 

3.07 

2.08 

1.33 

1.48 

0.00396 

40.6 

247 

80  Grit  Plate:  Prandtl 

13.5 

2.51 

1.76 

1.16 

1.42 

0.00384 

115 

CAMMLE 

13.5 

2.49 

1.75 

1.15 

1.42 

0.00423 

41.9 

121 

36  Grit  Plate:  Prandtl 

16.8 

3.45 

2.28 

1.44 

1.52 

0.00497 

45.2 

436 

CAMMLE 

16.8 

3.45 

2.28 

1.44 

1.52 

0.00493 

45.0 

434 

20  Grit  Plate:  Prandtl 

17.4 

3.73 

2.42 

1.53 

1.54 

0.00572 

667 

CAMMLE 

17.4 

3.73 

2.42 

1.53 

1.54 

0.00555 

47.2 

657 
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Table  16.  x-y  Plane  Cross-Film  Measurement  Hardware  Setup 


Hardware  Setup 

Settings 

Probe 

TSI  1243-20 

Probe  Holder 

TSI 1155-18 

Cabling 

4  m  Coaxial  Cable 

Overheat  Section 

Film  1  (0) 

Film  2  (O) 

Rtotal 

5.856 

5.897 

Rcable-\- support 

0.650 

0.653 

Rleads 

0.15 

0.14 

Rsensor 

5.056 

5.104 

Rexternal 

10.407 

10.490 

Overheat  Ratio 

1.90 

1.90 

Tref  {°C) 

25.7 

Hining  Section 

Filml 

Film  2 

Filter 

1 

2 

Gain 

11 

11 

Cable 

-1 

-2 

Sample  Freq.  (Hz) 

1000 

1000 

Square  ^^hve  Freq.  (Hz) 

5000 

5000 

Traces 

5 

5 

Response,  (kHz) 

93 

93 

Conditioning  Section 

Filml 

Film  2 

Offset  (Volt) 

1.0 

1.0 

Conditioning 

input 

input 

High-Pass  Filter 

none 

none 

Low-Pass  Filter 

none 

none 

Table  17.  Cross-Film  Measurement  Experiment  Setup 


Experiment  Setup 

Settings 

Data  Collected 

all 

Acquistion  Rate 

30  (kHz) 

Data  Points 

135,000 

Gain 

O-lOK 

Clock 

Internal 

Trigger 

External 

Trigger  Level 

3.0  y 

Trigger  Channel 

0 

Polarity 

Positive 

Sensitivity 

Edge 

Traverse  Rate 

0.762  (fS) 
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Table  18.  x-y  Plane  Cross-Film  Calibration  Data 


Faml(V) 

Pt  (Psia) 

Pt2/Pti 

Mach 

Tt{K) 

pu  {kg/m2s) 

Re 

Nu 

a 

4.183 

14.2 

2.758 

294.05 

68.71 

136.31 

6.15 

0.5867 

4.655 

21.6 

2.758 

297.15 

103.93 

7.16 

h 

5.006 

28.2 

0.403 

2.758 

297.26 

135.38 

266.35 

8.80 

-0.7350 

5.316 

34.9 

0.403 

2.758 

297.95 

167.69 

329.32 

9.93 

5.534 

40.5 

0.403 

2.758 

297.86 

194.55 

382.16 

10.76 

Film  2  (V) 

Pt  (Psia) 

Pt2/Ptl 

Mach 

TtiK) 

pu  {kg/m2s) 

Re 

Nu 

a 

4.206 

14.2 

2.758 

294.05 

68.71 

136.31 

6.29 

0.6233 

4.714 

21.6 

2.758 

297.15 

103.93 

204.53 

7.89 

b 

5.069 

28.2 

2.758 

297.26 

135.38 

266.35 

9.12 

-1.015 

5.379 

34.9 

2.758 

297.95 

167.69 

329.32 

10.27 

5.621 

40.5 

2.758 

297.86 

194.55 

382.16 

11.21 

Table  19.  x-y  Plane  Cross-Film  MOH  Measurement  Hardware  Setup 


Hardware  Setup 

Settings 

Probe 

TSI 1243-20 

Probe  Holder 

TSI 1155-18 

Cabling 

4  m  Coaxial  Cable 

Overheat  Section 

Film  1  ((7) 

FUm  2  (fi) 

Rtotal 

5.856 

5.897 

Rcable+ support 

0.650 

0.653 

Rleads 

0.15 

0.14 

Rsensor 

Rexternal  (SCC  Tkblc  20) 

Overheat  Ratio  (see  Table  20) 

5.056 

5.104 

Tref  (°C) 

25.7 

Ilining  Section 

Filml 

Film  2 

Filter 

1 

2 

Gain 

11 

11 

Cable 

-1 

-2 

Sample  Freq.  (Hz) 

1000 

1000 

Square  Wave  Freq.  (Hz) 

5000 

5000 

Traces 

5 

5 

Response,  (kHz) 

93 

93 

Conditioning  Section 

FUml 

Offset  (Volt) 

1.0 

1.0 

Conditioning 

input 

input 

High-Pass  Filter 

none 

Low-Pass  Filter 

none 
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T^ble  20.  x-y  Plane  Cross-Film  MOH  External  Resistance  and  Overheat  Ratios 


Film  1  (fi) 

Film  2  (Q) 

Overheat  Ratio 

10.409 

10.490 

1.9 

9.909 

10.001 

1.8 

9.394 

9.464 

1.7 

8.909 

8.956 

1.6 

8.383 

8.447 

1.5 

i.m 

7.936 

1.4 

7.372 

7.427 

1.3 

Table  21.  x-z  Plane  Cross-Film  Measurement  Hardware  Setup 


Hardware  Setup 

Settings 

Probe 

TSI 1243AN-20 

Probe  Holder 

TSI 1155-18 

Cabling 

4  m  Coaxial  Cable 

Overheat  Section 

Film  1  (fi) 

Film  2  (f2) 

Rtotal 

7.081 

7.086 

Rcable-]- support 

0.644 

0.665 

Rleads 

0.2 

0.2 

Rsensor 

6.237 

6.221 

Rexternal 

12.692 

12.684 

Overheat  Ratio 

1.90 

1.90 

Tref  {°C) 

22.4 

Timing  Section 

Filml 

FUm2 

Filter 

4 

4 

Gain 

11 

12 

Cable 

0 

0 

Sample  Freq.  {Hz) 

1000 

1000 

Square  Wave  Freq.  {Hz) 

5000 

5000 

Traces 

5 

5 

Response,  {kHz) 

93 

93 

Conditioning  Section 

Filml 

Film  2 

Offset  {Volt) 

1.0 

1.0 

Conditioning 

input 

input 

High-Pass  Filter 

none 

none 

Low-Pass  Filter 

none 

none 
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Table  22.  Normal-Film  Measurement  Hardware  Setup 


Hardware  Setup 

Probe 

TSI 1218-20 

Probe  Holder 

TSI 1150-6 

Cabling 

4  m  Coaxial  Cable 

Overheat  Section 

FUm  (Q) 

Rtotal 

6.611 

Rcable-\- support 

0.312 

Rleads 

0.2 

Rsensor 

6.099 

Rexternal 

12.109 

Overheat  Ratio 

1.90 

Tref  m 

22.2 

Hining  Section 

Film 

Filter 

3 

Gain 

3 

Cable 

0 

Sample  Freq.  (Hz) 

1000 

Square  W^ve  Freq.  (Hz) 

5000 

Traces 

5 

Response,  (kHz) 

93 

Conditioning  Section 

Film 

Offset  (Volt) 

2.0 

Conditioning 

input 

High-Pass  Filter 

Low-Pass  Filter 
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Table  23.  Parallel-Film  Measurement  Hardware  Setup 


Hardware  Setup 

Settings 

Probe 

TSI 1246AD-20 

Probe  Holder 

TSI 1155-18 

Cabling 

4  m  Coaxial  Cable 

Overheat  Section 

FHm  1  (Q) 

Film  2  (O) 

Rtotal 

5.810 

5.852 

Rcahl  e  -\- support 

0.643 

0.656 

Rleads 

0.31 

0.31 

Rsensor 

4.857 

4.886 

Rexternal 

10.180 

10.250 

Overheat  Ratio 

1.90 

1.90 

Tref  m 

20 

.8 

Hining  Section 

Filml 

FUm2 

Filter 

4 

4 

Gain 

10 

11 

Cable 

0 

0 

Sample  Freq.  (ffz) 

1000 

1000 

Square  Wave  Freq.  (ffz) 

5000 

5000 

Traces 

5 

5 

Response,  (^ff^) 

110 

101 

Conditioning  Section 

Filml 

Film  2 

Offset  (Volt) 

3.0 

3.0 

Conditioning 

input 

input 

High-Pass  Filter 

none 

none 

Low-Pass  Filter 

none 

none 

Table  24.  “Quick”  Menu  Software  Settings 


Category 

BSA  1  Setting 

BSA  2  Setting 

Bandwidth 

325.12 

246.7 

Shifter  Mode 

Norm 

Norm 

Signal  Gain  (dB) 

42 

42 

High  Voltage  (V) 

1504 

1608 

Max.  Anode  Current  (mA) 

1.6 

1.6 

Pedestal  Attenuation  (dB) 

6 

6 

Duty  Cycle  (%) 

100 

100 

Dead  Time 

0 

0 
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Table  25.  “Soft”  Menu  Software  Settings 


Category 

BSA  1  Setting 

BSA  2  Setting 

Timer  Clock 

Master 

Coincidence  Mode 

Master 

Arrival  Time  Base 

Internal 

Internal 

Burst  Detection 

Both 

Both 

Oversize  Rejection 

1 

1 

Buffer  Mode 

FIFO 

FIFO 

Max.  Anode  Current  (mA) 

1.6 

1.6 

Quality  Factor  (%) 

50 

50  . 

Collection  Mode 

Burst 

Burst 

Table  26.  “BSA  Program”  Menu  Software  Settings 


Category 

BSA  1  Setting 

BSA  2  Setting 

Timeout 

12 

12 

Number  of  Burst 

150000 

150000 

\blocity 

Yes 

Yes 

Transit  Time 

Yes 

Yes 

Arrival  Time 

Yes 

Yes 

Table  27.  lypical  Freestream  Conditions  Used  for  Error  Analysis 


Condition 

Value 

Toi 

296  K 

Pol 

2.188  atm 

Po2 

0.884  atm 

Moo 

2.75 

Rair 

287  m^/s^K 

T 

117.6  K 

3^00 

217.4  m/s 

Pi 

0.0866  atm 

Pi 

0.259  kg/m^ 

u 

598.3  m/s 

PlU 

155.0  kg/m^s 

R^oo 

1.9-10’’  1/m 
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Table  28.  Typical  Freestream  Parameters 


Condition 

Value 

Ef 

5.0  V 

Tf 

700.0  K 

Te 

297  K 

Rf 

10.0 

Rs 

50.0 

Rl 

03  n 

afc 

0.587 

bfc 

-0.735 

d 

5.140-5  m 

L 

0.001  m 

RCe 

300 

Nu(wire) 

9.42 

Table  29.  Elementary  Measurement  Errors 


Measurement 

Error 

X 

1.2  mm 

y 

0.5  mm 

Z 

1.0  mm 

Tn 

2.3% 

Pn 

0.8% 

Pt2 

0.9% 

Ef 

1.0% 
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Table  30.  LDV  Measurement  Errors 


Measurement 

Error 

u 

2.0% 

V 

2.0% 

u' 

1.7% 

v’ 

7.9% 

u'v' 

2.8% 

Sku 

7.2% 

Sku 

33.5% 

Flu 

9.6% 

Flu 

44.7% 

Table  3 1 .  Boundary  Layer  Height  Error 


Variable 

Error 

6 

21% 

11% 

Table  32.  Pitot  Error  Summary 


Variable 

Equation 

||0.37l6pi  5  0.37l5pj2  II2 

0.5% 

Ti 

Ikptii  l*204£:p^2  II2 

2.3% 

a 

0.567^1 

1.2% 

Pi 

lkpti>  4.2146:^^2  II2 

1.1% 

u 

II^M?  ^all2 

1.3% 

Pi 

lkTx,epJl2 

2.6% 

PlU 

2.9% 

p 

||5uth.eriond's  Lo'iu||2 

2.0% 

“e// 

ijo.Sspgj  Q.^Spyj^  2.06:itjj2 

3.2% 

T  <11) 

Bowersox  et.  al.  [11] 

10% 

||0.56:x'u;?  0*^^/9'u;|l2 

5.2% 

11^2/ j  ^14*  ?  ^piu|i2 

7.9% 

<// 

llO.SSriy)  0.56i/e//||2 

5.2% 
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Table  33.  HW\  Error  Summary 


Variable 

Equation 

Error 

Variable 

Equation 

Error 

Nu 

\\eEf,£Ttl\\2 

3.0% 

(H 

^Rex 

10.6% 

ROe 

Il2.0£jvti,£j5/Il2 

6.2% 

(fw) 

^Rsj/ 

10.6% 

/ 

O.SeRe, 

3.1% 

{pw) 

10.6% 

9 

II2 

2.5% 

(H' 

^Re® 

10.6% 

r4 

2.0eRe^ 

12.2% 

(H' 

ERe^ 

10.6% 

Rel 

1 1  5  ^Rcei  Ree2 » ^Re^2  1 1 2 

21.2% 
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10.6% 
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21.2% 

^Rex  Re^ 

21.2% 

RcqjRc^; 

^Re| 

21.2% 
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^R.0x  R'®iu 

21.2% 

Rcx 

O.SffRel 

10.6% 

RCaj 

10.6% 

Re;^ 

10.6% 

Table  34.  Frequency  Resolved  Error 


Variable 

Error 

Power  Spectra 

21% 

Microscale 

2.5% 

Integral  Scale 

2.5% 

9 

14.4% 

Table  35.  LDV  Error  Summary 


Variable 

Viriable 

Error 

Q 

2.0% 

Pw 

0.6% 

M 

9.0% 

Pw 

0.6% 

Ue 

1.3% 

T 

11.7% 

Qe 

1.5% 

P 

6.6% 

Te 

1.8% 

P 

13.5% 

Pe 

6.4% 

lu 

9.6% 

Pe 

6.6% 

.  u'v' 

11.4% 

T.U, 

0.1% 

p'v'  (Hm  +  LDV) 
p(Hm  +  LDV) 

23% 

13.8% 

Table  36.  Grid  Resolution 


Grid 

X  stations 

y  nodes 

Ax 

wall 

101 X  201 

101 

201 

0.8179  cm 

5.0  ■  10-“  m 

101x251 

101 

251 

0.8179  cm 

5.0  •  10-®  m 

201x251 

251 

0.4089  cm 

5.0  •  10-®  m 
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y  (in)  I  y  (mm)  I  y/5u  y/Sw  Pti  (psia)  Pt2  (psia)  Pt2/Pti  |  |  Mach  |  M/Me  |  u  (m/s)  |  u/Ue  |  p/pe  |  pw/p  |  |  |  u  |  (u-ue)/u 
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y  (in)  y  (mm)  y/Su  y/^M  Pti  (psia)  Pt2  (psia)  Pt2/Pti  Ps/Pt2  Mach  M/Me  u  (m/s)  u/Ue  p/pe  pw/p  ^  (u-ue)/u* 


Table  38.  2D  Plate  Pitot  Data 
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Y/Sm  iPti  (psia)|Pt2  (psia)|  P,2/Pti  I  Mach  M/Me  u  (m/s)  u/Ue  p/pe  Pw/P  |  ^  (u-ue)/u 


Table  39.  3D  Plate  Pitot  Data 
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Tkble  40.  80  Grit  Plate  Pitot  Data 
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Y/Sm  iPti  (psia)|Pt2  (psia)|  Pt2/Pti  I  Ps^Pt2  Mach  M/Me  u  (m/s)  u/Ue  p/po  Pv/P  Y*  Ueff'’  “  (u-ue)/u 


Table  41.  36  Grit  Plate  Pitot  Data 
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Table  42.  20  Grit  Plate  Pitot  Data 
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Table  43.  Smooth  Plate,  x-y  Plane,  HW\  Data 
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1.16E+Q0  2.93E+01  2.37E+00  2.52E-02  3.52E-02  -4.53E-04  -7.65E-01  3.46E+01  2.96E+02  4.60E+02  1.65E+02  -6.17E+00  9.99E-01  -3.74E-02 

1.19E+00  3.01E+01  2.43E+Q0  2.43E-02  3.45E-Q2  -3.99E-04  -6.13E-01  3.46E+01  2.96E+02  4.61E+02  1.65E+02  -4.01E+00  1.00E+Q0  -2.43E-02 

1.22E+00  3.09E-P01  2.50E+00  2.32E-02  3.41  E-02  -ai7E-04  -3.76E-01  3.46E+01  2.96E+02  4.61  E+02  1.65E+02  -1.12E+00  1.00E+00  -6.80E-03 

125E+00  3.16E+01  2.55E+00  2.31  E-02  3.41  E-02  -2.80E-04  -2.36E>01  3.46E+01  2.96E+02  4.62E-P02  1.65E+02  O.OOE+00  1.00E+Q0  O.OOE+00 


Table  44.  2D  Plate,  x-y  Plane,  HWA  Data 
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1.26E+0Q  3.2QE+01  1.91E+00  2.55E-02  3.59E-02  -2.79E-04  -1.03E-01  3.46E+01  2.96E+02  4.77E+02  1.71  E+02 _ 1.03E-01  1.00E+00  6.05E-04 

1.27E+00  3.22E+01  1.92E+00  2.61  E-02  3.65E-02  -2.84E-04  -9.17E-Q2  3.46E+01  2.96E+02  4.77E+02  1.71  E+02  6.93E-03  1.00E+00  4.06E-05 

1.27E+00  3.23E+01  1.92E+00  2.71  E-02  3.76E-02  -2.96E-04  -1.18E-01  3.46E+01  2.96E+02  4.78E+02  1.71  E+02  O.OOE+00  1.00E+00  O.OOE-i^ 


Ikble  45.  3D  Plate,  x-y  Plane,  HW^  Data 
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Tkble  46.  80  Grit  Plate,  x-y  Plane,  HW\  Data 
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y(in)  y(mm)  y/§  (pu)n,,s  (pv)mis  (pu)Xpv)'  exy(deg)  Pti  (psia)  Tt(K)  Rex  (^bar(kg/m^s)  (pv)bar(kg/m  s)  (pu)bar/(ru)e  (pv)ba,/(ru)« 
12E-01  5.38E+00  3.00E-01  1.64E-01  1.31  E-01  -8.47E-03  -3.19E-01  3.48E+01  2.96E+02  2.55E+02  9.12E+01  -1.43E+00  5.33E-01  >8.38E-03 

12E-01  5.38E+0Q  3.00E-01  1.61E-01  1.31E-01  -8.23E-03  -3.22E-01  3.48E+01  2.96E+02  2.54E+02  9.11  E+01  -1.47E+00  5.33E-01  -8.62E-03 

13E-01  5.42E+00  3.02E-01  1.60E-01  1.32E-01  -8.10E-03  -3.72E-01  3.48E+01  2.96E+02  2.55E+02  9.15E+01  -1.78E+00  5.35E-01  -1.04E-02 

20E-01  5.59E+00  3,12E-01  1.59E-01  1.31E-01  -8,09E-03  -5.19E-01  3.48E+01  2.96E+02  2.58E+02  9.24E+01  -2.54E+0Q  5.40E-01  -1.48E-02 


Table  47.  36  Grit  Plate,  x-y  Plane,  Data 
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y(in)  y(mm)  y/S  {puUs  (pv)ims  (pu)*(pv)'  9xy(deg)  Pn  (psia)  Tt(K)  Rex  (pu)bar(kg/m  s)  (pv)bar(kg/m  s)  (pu)ba/(ru)9  (pv)bar/(ru), 
2.12E-01  5.38E+00  3.05E-01  1.75E-01  1.32E-01  -7.48E-03  >1.01E-01  3.47E+01  2.96E+02  2.52E+02  9.03E+01  -4.50E-01  5.11  E-01  -2.55E-03 

2.12E-01  5.38E+00  3.05E-01  1.75E-01  1.32E-01  -7.15E-03  -7.24E-02  3.47E+01  2.96E+02  2.51E+02  8.99E+01  -3.29E-01  5.09E-01  -1.87E-03 

2.13E-01  5.41E+00  3.07E-01  1.76E-01  1.31E-01  -7.27E-03  -8.54E-02  3.47E+01  2.96E+02  2.52E+02  9.03E+01  -4.01E-01  5.11E-01  -2.27E-03 

2.20E-01  5.59E+00  3.17E-01  1.76E-01  1.30E-01  -7.04E-03  -8.32E-02  3.47E+01  2.96E+02  2.55E+02  9.14E+01  -4.24E-01  5.18E-01  >2.40E-03 
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1.25E+00  3.17E-f01  1.79E-f00  3.28E-02  3.96E-02  -1.29E-04  -1.95E-01  3.46E-I-01  2.96E+02  4.95E+02  1.77E+02  -1.67E+00  1.00E+00  -9.46E-03 

1.26E-f00  3.21  E+01  1.82E-t-00  3.28E-02  3.94E-02  -1.15E-04  -7.11E-02  3.46E+0t  2.96E+02  4.93E+02  1.77E+02  -2,91  E-01  1.00E+00  -1.65E-03 

1.27E+00  3.23E+01  1.83E+00  3.25E-02  3.97E-02  -1.10E-04  -2.08E-01  3.46E+01  2.96E+02  4.91  E+02  1.76E+02  -2.70E-01  9.95E-01  -1.53E-03 

1.27E+00  3.23E-I01  1.83E-t-00  3.29E-02  4.03E-02  ■1.24E-04  -2.26E-01  3.46E+01  2.96E+02  4.90E+02  1.76E+02  O.OOE+OO  9.94E-01  O.OOE+00 


Tkble  49.  Smooth  Plate,  x-z  Plane,  Data 
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Ihble  50.  2D  Plate,  x-z  Plane,  HW\  Data 


999999999 

LilLLJLLJLLJUJLLJUJLLJIJJ 

(Din'^o>o><ocDoin 

CMCMCM-r-r-T-T-T-O 


O  O  O  O  O  O 
UJ  LLl  UJ  LU  LLJ  LLJ 


N 


o  o  o  o  o 
LU  lii  ULl  UJ  LU 
S  o  CO  In  S 


II 


nmnnnnnInII 

llllllli 


0§§§§§§§§§1§99999§§§ 

LiJlllliilliLilUJIJJIllUJLLJLlJLLjLlJLLJLlJLLJLUuJLLIliJ 

5)§oooooo8SSo®®So)o>S§S 


m 


OOOOOOOOOOQPP 
+  +  +  +  +  +  +  +  +  +  +  +  + 
UJlUmUJLlJLUUJUJLULUlUmUJ 
Is.cO^CDinOOi-CMI^I^'^CO 
i-'r-T-00000)OOtD«OCOCD 


??if  I  f  ffgf  mil 

IIJLUIIIUJLIJLUUJUJI^LLILUUJLLILIJIII 


OOOOOOOOo 
000000005 
+  +  +  +  +  +  +  +  + 
LULULDLULUlUmiULU 
cooocMCMr^mcMi^o 
ooco'^inr-cvii-o 
tncpcocococoojYo 


-r-  T-  -r-  CVI  CM 

00000 
+  +  +  +  + 
III  UJ  LU  LJJ  LU 
OOOOlOi-Tf 

CM  tn  00  o  o 


CM  CM  CM  CM  CM 

00000 
+  +  +  +  + 
LU  lU  UJ  111  UJ 
^OCOOOt” 
1-  CM  CM  CM  CO 


CMCMCMCMCMCMCMCMCM 

oooopooop 
+  +  +  +  +  +  +  +  + 
LilLiiLLILUUJIlJLLILiJLU 
COCOCMCMCOCOCOCOCO 


X  +  +  +  + 

<D  UJ  UJ  lU  lU 

ssss 


w  r; 

li 


sy  fi!  Si! 

000000 
+  +  +  +  +  + 
LU  LU  LU  LU  LU  LU 
O  CM  CM  in  00  CO 

00  oj  o  T-  CO 
cvi  cvi  CM  CO  CO  CO 


CMCMCMCMCMCMCMCMCMCM 

ooooooooPo 
^LULULULUlUIUIlillilliLiu 
1“  0)0>0>0>0)0)0>ppp 
CvicMCMCMCviCMCMCMCMCM 


+  +  +  +  +  +  +  +  +  +  + 
LULUlULULUUJLULULULUlU 
O>COI^00CO(3>'M^h'p)-j“ 
cM'^inpi^r^rooqppp 


CM  CM  CM  CM  CM  CM  CM 

??????? 
LU  LU  LU  LU  LU  LU  LU 
■M-  ^  ^  ^  ^  ^ 

a>  o>  O)  O)  p  p  p 
cvi  CM  cvi  cvi  cvi  CM  CM 


CMCMCMCMCMCMCMCMCMCM 

oooooooooo 
+  +  +  +  +  +  +  +  +  + 
LULULUIJULULULULULULU 

SCOCOCorooco;5;;M;;3; 
oooooopppppp 


duJUJLULULUlULULUUJUJLULUlULULULULUUJLULULULULULULULULUUJLUUJ 
'^00000000000000c3>cj>0>0)0)0>0)0)0)0)0)0>0)0>0)p 
E:ininioinininmininintnininin*M“'»t’M-'^^'«t'M-'M-'M-'^^^^'M-'M;'M; 
Q-  cocdcococococococdcococococdcocococdcocococococococococococo 


■S  LULULULULULULULULULULULULULULULULULULU 
'^CMOTTcnincDi^’r-coooot-r^cjjcwin'^ooin 
a<0I^CDTtC0O00CD'M'i-CJ)C0^CM'*-0>C0'M:  O 
®  TtTt'M^'<^-M^’«tCOCOcdcOCMCMCMCMCMT^T^T^T^ 


?■?????????? 
LULULULUIULULULULULULU 
0>C7)(7>0>C7)(3>0>  00  00  00  00 

cocococdcococococococo 


H 


H 


0000 
0000 
+  +  +  + 
UJ  LU  LU  UJ 


o  o  o  o  p  p 
+  +  +  +  +  + 
LU  LU  LU  LU  LU  LU 
CD  Ti-  T-  o)  h-  in 
O  1-  CM  CM  CO  ^ 


9IIIIIIIII 

LUlULULULULULULULULU 

fgoinO'M-CD'M-OOCOhi. 

pc::)pT-;T^-i-;ppprt 


OOOOOppppppp 

UJUJUJUJLULUUJUJUJUJmUJ 

i-oocD’^CMcni^incopooco 

CDCDf^OOO)C3>OT-CMCOCO^ 


mill 

LU  LU  lU  LU  ui  lU 

O'^OOOt-1- 
OO  OO  00  o>  O)  o> 


?????????? 

LULULULULULULULULULU 

oooi^LOcO'r-oinoo 

CDCOl^OOCnOO'i-i-CM 

CvicviCMCMCMCOCOCOCOCO 


y(in)  y(mm)  y/S  (pu)m,s  (pw)rn,s  (pu)*(pw)*  exz(cleg)  Pti  (psia)  Tt(K)  Re^  (pu)baf(kg/m^  (pw)bar(kg/m  s)  (pu)bar/(ru)e  (pw)bar/(ru) 
1.66E-01  4.22E+00  2.67E-Q1  1.87E-01  1.42E-01  1.41  E-02  4.36E+0Q  3.49E+01  2.95E+02  2.49E+02  8.87E+01  1.92E+01  5.21  E-01  1.13E-01 

1.66E-01  4.22E+00  2.67E-01  1.89E-01  1.44E-01  1.51  E-02  4>50E+00  3.49E+01  2.95E+02  2.48E+02  8.85E+01  2.03E+01  5.20E-01  1.19E-01 

1.67E-01  4.25E+00  2.69E-01  1.89E-01  1.44E-01  1.50E-02  4.46E+00  3.49E+01  2.95E+02  2.49E+02  8.87E+01  2.08E+01  5.21  E-01  1.22E-01 

1.74E-01  4.41  E+00  2.80E-01  1.87E-01  1.42E-01  1.45E-02  4.35E+00  3.49E+01  2.95E-t-Q2  2.52E+02  9.00E+01  2.10E+01  5.29E-01  1.24E-01 
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1.21  E+00  3.06E+01  1.94E+00  4.60E-02  3.95E-02  1.1  IE-03  -4.13E-01  3.47E+01  2.94E+02  4.77E+02  1.70E+02  -3.44E+Q0  1.00E+00  -2.02E-02 

1.23E+00  3.13E+01  1.99E+00  4.57E-02  3.95E-02  1.1  IE-03  -4.25E-01  3.47E+01  2.94E+02  4.77E+02  1.70E+02  -2.62E+Q0  1.00E+00  -1.54E-02 

1.25E+00  3.18E+01  2.02E+00  4.59E-02  3.98E-02  1.14E-03  -4.08E-01  3.47E+01  2.94E+02  4.77E+02  1.70E+02  -1.61E+00  1.00E+00  -9.45E-03 

1.26E+00  O.OOE+00  2.03E+0Q  4.57E-02  3.97E-02  1.14E-03  -3.07E-01  3.47E+01  2.94E+02 1 4.77E+02 1  1.70E+02  O.OOE+00  1.00E+00  |  O.^E+00 


Table  52.  80  Grit  Plate,  x-z  Plane,  Data 
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y(in)  y(mm)  y/5  (pu)nns  (pw)nns  (pu)'(pw)'  9x2  (deg)  Pti  (psia)  Tt(K)  Rex  (pu)bar(l<g/m^s)  (pw)bar(kg/m  s)  (pu)ba/(ru)e  (pw)ba/(ru: 

.96E-01  4.98E+00  2.77E-01  2.11E-01  1.62E-01  1.97E-02  4.03E-i-00  3.48E+01  2.95E+02  2.70E+Q2  9.63E4-01  1.89E+01  5.58E-01  1.10E-01 

.96E-01  4.98E+0Q  2.77E-01  2.13E-Q1  1.62E-01  1.99E-02  3.97E+00  3.48E+01  2.95E+02  2.70Ei-02  9.63E+01  1.90E-h01  5.58E>01  1.10E-01 

.98E-01  5.02E+00  2.80E-01  2.09E-01  1.60E-01  1.89E-02  3.94E+00  3.48E+01  2.95E+02  2.70E+02  9.64E+01  1.92E+01  5.58E-01  1.12E-01 

:.06E-01  5.22E+00  2.91  E-01  2.06E-01  1.58E-01  1.86E-02  3.97E+00  3.48E+01  2.95E+02  2.70E+02  9.63E+01  2.02E+01  5.58E-01  1.17E-01 
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1.25E+00  3.18E+01  1.77E+00  4.92E-02  4.40E-02  1.39E-03  -3.95E-01  3.47E+01  2.94E+02  4.84E-i-02  1.73E+02  -2.29E+00  I.OOE-hOO  -1.33E-02 

1.26E+00  3.20E+01  1.78E+0Q  4.96E-02  4.45E-02  1.44E-03  -3.80E-01  3.47E+01  2.94E+02  4.84E+02  1.73E+02  -7.24E-01  1.00E+00  •4.19E-03 

O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE-fOO  O.OOEh-00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00 


y(in)  y(mm)  y/5  (pu)rms  (pw)nns  (puy(pw)'  exz(deg)  Pti  (psia)  Tt(K)  Rex  (puU  (kg/m  s)  (pw)bar(kg/m  s)  (puW(ru)9  (pw)bar/(ai) 
.96E-01  4.98E+00  2.82E-01  2.41E-01  1.80E-01  2.74E-02  4.62E-I-Q0  3.48E+01  2.95E+02  2.58E+02  9.22E+01  2.11E+01  5.16E-01  1.18E-01 

■96E-01  4.98E+00  2.82E-01  2.40E-01  1.82E-01  2.73E-02  4.61E+00  3.48E+01  2.95E+02  2.59E-f02  9.25E+01  2.14E+01  5.17E-01  1.19E>01 

.98E-01  5.02E+(X)  2.84E-01  2,41E-01  1.83E-01  2.71E-02  4.55E+00  3.48E+01  2.95E+02  2.59E+02  9.27E+01  2.16E+01  5.18E-01  1.21E-01 

:.06E-01  5.22E+00  2.96E-01  2.42E-01  1.84E-01  2.74E-02  4.59E+00  3.48E+01  2.95E+02  2.61  E+02  9.34E+01  2.25E+01  5.22E-01  1.26E-01 
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1.24E+00  3.15E+01  1.78E+00  5.48E-Q2  4.68E-02  1.57E-03  -1.36E-01  3.47E+01  2.94E+02  5.00E+02  1.79E+02  -1.18E+00  1.00E+00  -6.63E-03 

1.25E+00  3.18E+01  1.8QE-f00  5.41  E-02  4.68E-02  1.55E-03  -4.76E-02  3.47E+01  2.94E+02  5.00E+02  1.79E+02  -5.96E-01  9.99E-01  -3.34E-03 

1.26E+00  3.20E+01  1.81E+00  5.44E-02  4.71  E-02  1.58E-03  -5.28E-02  3.47E-i-01  2.94E-f02  4.99E+02  1.78E+02  -2.12E-01  9.98E-01  -1.19E-03 

O.OOE+00  O.OOE+00  O.OOE+00  O.OOE-fOO  O.OOE+00  O.OOE+00  O■OQE^^0O  O.OOE+00  O.OOE-fOO  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00  O.OOE+00 


Table  55.  Smooth  Plate  LDV  Data 
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Table  56.  2D  Plate  LDV  Data 
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Table  57.  3D  Plate  LDV  Data 
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Table  58.  80  Grit  Plate  LDV  Data 
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Tkble  59.  36  Grit  Plate  LDV  Data 
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Figures 
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Figure  3.  Six  Test  Section  Floor  Plates 


X(um) 

Figure  4.  Smooth  Plate,  Surface  Topography 


194 


95 


(iJUTi)  z  (uuTi)  Z 


X(nm) 

Figure  7.  80  Grit  Plate,  Surface  Topography 


X(nm) 

Figure  8.  36  Grit  Plate,  Surface  Topography 
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Figure  9.  20  Grit  Plate,  Surface  Topography 
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Figure  10.  Transmitter  Face  Laser  Beam  Spacing 
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Side  View  Top  View 


Seed  From  Atomizer 


Figure  11.  LDV  Olive  Oil  Injector 


Figure  12.  Cross-Film  Probe  and  Traverse  Setup 
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Figure  13.  TSI 1218-20  Normal-Film  Probe 


Figure  14.  TSI  1246AD-20  Parallel-Film  Probe 
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(.50)  f| 

J... 


3,2  mm  (.125)  Dia.  i.4.6mm  (.16)  Dia. 


Figure  15.  TSI 1243-20  u-v  Cross-Film  Probe 


Figure  16.  TSI  1243AN-20  u-w  Cross-Film  Probe 


Figure  18.  Color  Schlieren  Setup 
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Figure  19.  Color  Schlieren  Schematic 


Figure  20.  Laser  Sheet  Imaging  Setup 
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Surelite  110  Power 
Cooling  Group 


Figure  21.  Laser  Sheet  Imaging  Schematic 


Figure  22.  Discretization  Grid  of  the  Navier-Stokes  Equations 


203 


Figure  23.  Smooth  Plate  Schlieren  at  Nozzle  Exit,  Horizontal  Knife  Edge 


Figure  24.  2D  Plate  Schlieren  at  Nozzle  Exit,  Horizontal  Knife  Edge 
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Figure  25.  3D  Plate  Schlieren  at  Nozzle  Exit,  Horizontal  Knife  Edge 


Figure  26.  80  Grit  Plate  Schlieren  at  Nozzle  Exit,  Horizontal  Knife  Edge 
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Figure  27.  36  Grit  Plate  Schlieren  at  Nozzle  Exit,  Horizontal  Knife  Edge 


Figure  28.  20  Grit  Plate  Schlieren  at  Nozzle  Exit,  Horizontal  Knife  Edge 


Figure  29.  Smooth  Plate  Schlieren  at  Nozzle  Exit,  \fertical  Knife  Edge 


Figure  30.  2D  Plate  Schlieren  at  Nozzle  Exit,  \fertical  Knife  Edge 
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Figure  31 .  3D  Plate  Schlieren  at  Nozzle  Exit,  \fertical  Knife  Edge 


Figure  32.  80  Grit  Plate  Schlieren  at  Nozzle  Exit,  \fertical  Knife  Edge 


Figure  33.  36  Grit  Plate  Schlieren  at  Nozzle  Exit,  \fertical  Knife  Edge 


Figure  34.  20  Grit  Plate  Schlieren  at  Nozzle  Exit,  \fertical  Knife  Edge 
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Figure  35.  Smooth  Plate  Schlieren  at  Test  Location,  Horizontal  Knife  Edge 


Figure  36.  2D  Plate  Schlieren  at  Test  Location,  Horizontal  Knife  Edge 
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Figure  38.  80  Grit  Plate  Schlieren  at  Test  Location,  Horizontal  Knife  Edge 
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Figure  39.  36  Grit  Plate  Schlieren  at  Test  Location,  Horizontal  Knife  Edge 


Figure  40.  20  Grit  Plate  Schlieren  at  Test  Location,  Horizontal  Knife  Edge 
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Figure  41.  Pitot  Probe  Wocity  Profiles 


Figure  42.  LDV  \felocity  Profiles 
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Figure  44.  Pitot  Rough  Surface  \felocity  Profiles  Relative  to  Smooth  Plate 


Figure  48.  LDV  Rough  Surface  Mach  Profiles  Relative  to  Smooth  Plate 
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Figure  49.  x-y  Plane,  Cross-Film,  ipu)tMir  Profiles 


^pu 


Figure  50.  x-y  Plane,  Cross-Film,  Rough  Surface  (pu)bar  Profiles  Relative  to  Smooth  Plate 


Figure  52.  Combined  Cross-film  {pu^ar  Profiles 
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Figure  55.  x-z  Plane,  Cross-Film,  Mean  Flow  Angle 


Figure  56.  Pitot  Probe  Density  Profiles,  Crocco-Busemann  Method 


Figure  57.  Pitot  Probe  Density  Profiles,  Isentropic  Method 
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Figure  59.  Density  Profiles,  Combined  LDV  and 


Figure  60.  Smooth  Plate  Laser  Sheet  Image  Figure  6 1 .  2D  Plate  Laser  Sheet  Image 


Figure  62.  3D  Plate  Laser  Sheet  Image  Figure  63.  80  Grit  Plate  Laser  Sheet  Image 


Figure  64.  36  Grit  Plate  Laser  Sheet  Image  Figure  65.  20  Grit  Plate  Laser  Sheet  Image 
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Figure  70.  u-Turbulence  Intensity  Relative  to  Smooth  Plate 


Figure  11.  u-  and  v-Turbulence  Intensity  \fersus  Roughness  Reynolds  Number 
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Figure  72.  p^x-Turbulence  Intensity 
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Figure  73.  /Ju-Turbulence  Intensity 


Figure  74.  piu-Turbulence  Intensity 
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Figure  75.  pu-Turbulence  Intensity  Scaled  by  Wall  Density  and  Friction  \blocity 
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Figure  78.  /m-Turbulence  Intensity  Relative  to  Smooth  Plate 
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Figure  79.  /ov-'llirbulence  Intensity  Relative  to  Smooth  Plate 
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Figure  84.  Fluctuating  Mach  Number  \fersus  Roughness  Reynolds  Number 
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Figure  85.  Incompressible  Reynolds  Shear  Stress  Scaled  by  Local  Mean  \felocity 
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Figure  89.  Kinematic  Reynolds  Shear  Stress  Relative  to  Smooth  Plate 
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Figure  92.  x-z  Plane,  Cross-Film,  Mass  Flux  Shear  Stress 
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Figure  93.  x-y  Plane,  Cross-Film,  Mass  Flux  Shear  Stress  Scaled  by  Wall  Density  and  Shear  Stress 
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Figure  94.  x-z  Plane,  Cross-Film,  Mass  Flux  Shear  Stress  Scaled  by  Wall  Density  and  Shear  Stress 
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Figure  95.  x-y  Plane,  Cross-Film,  Mass  Flux  Shear  Stress  Relative  to  Smooth  Plate 
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Figure  96.  a;-2;  Plane,  Cross-Film,  Mass  Flux  Shear  Stress  Relative  to  Smooth  Plate 
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Figure  97.  Cross-Film,  Mass  Flux  Shear  Stress  \fersus  Roughness  Reynolds  Number 
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Figure  98.  Intermittency  Function 
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Figure  99.  Intermittency  Function  Relative  to  Smooth  Plate 
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Figure  100.  Intermittency  \fersus  Roughness  Reynolds  Number 


Figure  102.  Second  Order  Density  -  \felocity  Correlation  Relative  to  Smooth  Plate 


Figure  103.  Density  -  \felocity  Correlation  Wsus  Roughness  Reynolds  Number 
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Figure  106.  Turbulent  Kinetic  Energy  \fersus  Roughness  Reynolds  Number 


Figure  107.  Compressible  Turbulent  Kinetic  Energy 
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Figure  117,  Power  Spectra, 


249 


[puM/(puUsf  [puM/(pu) 


Figure  122. 
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Figure  124.  80  Grit  Plate  Power  Spectra 
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Figure  125.  36  Grit  Plate  Power  Spectra 
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Figure  126.  20  Grit  Plate  Power  Spectra 


1.0E-01 


1.0E-02 


1.0E-03 


31.0E-04 


1.0E-05 


1.0E-06 


1.0E-07 


1.0E+02 


1.0E+03 


1.0E+04 

Hz 


1.0E+05 


1.0E+06 


Figure  127.  Power  Spectra,  v/Sm  =  0.25 
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Figure  130.  Power  Spectra  \fersus  Roughness  Reynolds  Number,  yjbu  —  0.25 
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Figure  131.  Power  Spectra  \fersus  Roughness  Reynolds  Number,  yj^u  =  0.50 
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Figure  134.  2D  Plate  Normal-Film  Autocorrelation 
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Figure  135.  3D  Plate  Normal-Film  Autocorrelation 
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Figure  136.  80  Grit  Plate  Normal-Film  Autocorrelation 


X  (sec) 


Figure  137.  36  Grit  Plate  Normal-Film  Autocorrelation 
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Figure  138.  20  Grit  Plate  Normal-Film  Autocorrelation 
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Figure  139.  Normal-Film  Autocorrelation,  p/Sm  =  0.25 
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Figure  140.  Normal-Film  Autocorrelation,  y/^jw  =  0.50 
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Figure  141.  Normal-Film  Autocorrelation,  v/Sm  =  0.75 
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Figure  146.  2D  Plate  Parallel-Film  Cross-Correlation 
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Figure  147.  3D  Plate  Parallel-Film  Cross-Correlation 
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Figure  148.  80  Grit  Plate  Parallel-Film  Cross-Correlation 
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Figure  149.  36  Grit  Plate  Parallel-Film  Cross-Correlation 


20  30  40  50  60  70 

Stmcture  Angle  (Deg) 


268 


ks* 


Figure  156.  Displacement  Thickness  \fersus  Roughness  Reynolds  Number 
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Figure  157.  Momentum  Thickness  \brsus  Roughness  Reynolds  Number 


(m/s) 


Figure  158.  Skin  Friction  Coefficient  "Nfersus  Roughness  Reynolds  Number 


Figure  159.  Friction  \blocity  \brsus  Roughness  Reynolds  Number 


Figure  161.  Effective  \felocity  Defect,  Pitot  Data 


Figure  163.  Effective  \felocity  Defect,  LDV  Data 


Figure  164.  Van  Driest  \felocity  Profile,  Pitot  Data 


Figure  165.  Van  Driest  \felocity  Profile,  LDV  Data 


Figure  166.  Van  Driest  \felocity  Profile,  Pitot  and  LDV  Data 


Figure  167.  Van  Driest  Effective  \felocity  Profile,  Pitot  Data 


Figure  171.  Rough  Wall  Skin  Friction  Ratio  Correlation 


Figure  172.  Smooth  Plate  \felocity  Profiles 
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Figure  173.  2D  Plate  \felocity  Profiles 
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Figure  174.  3D  Plate  \felocity  Profiles 
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Figure  175.  80  Grit  Plate  \felocity  Profiles 
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Figure  178.  Smooth  Plate  Density  Profiles 


♦  Pitot,  Crocco-Busemann 
o  Pitot,  Isentropic 
m  LDV,  Crocco-Busemann 

- CFD,  Prandtl 

- CFD,  CAMMLE _ 


Figure  179.  2D  Plate  Density  Profiles 
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Figure  180.  3D  Plate  Density  Profiles 
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Figure  181.  80  Grit  Plate  Density  Profiles 


Figure  184.  Prandtl  Turbulence  Model  \blocity  Defect 


Figure  185.  CAMMLE  Ibrbulence  Model  \felocity  Defect 
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Figure  186.  Smooth  Plate  Van  Driest  \felocity  Profile 
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Figure  187.  2D  Plate  Van  Driest  'Sfelocity  Profile 


Figure  188.  3D  Plate  Van  Driest  \felocity  Profile 


Figure  189.  80  Grit  Plate  Van  Driest  \felocity  Profile 
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Figure  192.  Smooth  Plate  Incompressible  Reynolds  Shear  Stress 


Figure  193.  2D  Plate  Incompressible  Reynolds  Shear  Stress 
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Figure  196.  36  Grit  Plate  Incompressible  Reynolds  Shear  Stress 


Figure  197.  20  Grit  Plate  Incompressible  Reynolds  Shear  Stress 
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Figure  198.  Smooth  Plate  Compressible  Reynolds  Shear  Stress 


-(pU)'(pV)'/(pU)^bar 


Figure  199.  2D  Plate  Compressible  Reynolds  Shear  Stress 


-(pU)'(pV)y(pufbar 


Figure  200.  3D  Plate  Compressible  Reynolds  Shear  Stress 
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Figure  201.  80  Grit  Plate  Compressible  Reynolds  Shear  Stress 
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Figure  202.  36  Grit  Plate  Compressible  Reynolds  Shear  Stress 


Figure  203.  20  Grit  Plate  Compressible  Reynolds  Shear  Stress 
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Figure  204.  Second  Order  Density  -  \felocity  Correlation 
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Figure  205.  Displacement  Thickness  \fersus  Roughness  Reynolds  Number 


293 


•  • 


3.0 


2.5 


2.0  ■{ 


E 

E 

CD 

O 

CD 


1.5-^ 


1.0  ^ 


0.5  ■{ 


Solid  •  Sand-Grain  Roughness 
Hollow  -  Uniformly  Distributed  Roughness 


+X 


♦ 


♦Pitot,  Kinematic 
XPrandtl,  Kinematic 
+CAMMLE,  Kinematic 
■Pitot,  Compressible 
▲Prandtl, Compressible 
•CAMMLE,  Compressible 


0.0 


100  200  300 


400  500  600  700  800 

ks" 


Figure  206.  Momentum  Thickness  \fersus  Roughness  Reynolds  Number 
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Figure  207.  Skin  Friction  Coefficient  \brsus  Roughness  Reynolds  Number 
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Figure  208.  Friction  \felocity  \fersus  Roughness  Reynolds  Number 
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Figure  209.  Smooth  Plate,  x-y  Plane,  Cross-Film  Calibration  Data 


Figure  211.  2D  Plate,  Mutiple  Overheat,  /^u-Tlirbulence  Intensity 
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Figure  216.  Grid  Resolution  Wocity  Profiles 
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Figure  217.  Grid  Resolution  Density  Profiles 
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Figure  218.  Grid  Resolution  Kinematic  Reynolds  Shear  Stress  Profiles 


Figure  219.  TUrbulence  Model  Validation  Van  Driest  \felocity  Profiles 
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Figure  222.  x-y  Plane,  Cross-Film,  {pu)i^j.  Profiles 


Figure  223.  pu-Turbulence  Intensity 
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Figure  227.  Smooth  Plate  \felocity  Profiles 
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Figure  228.  2D  Plate  \felocity  Profiles 
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Figure  229.  3D  Plate  \felocity  Profiles 
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Figure  234.  2D  Plate  Mach  Profiles 
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Figure  235.  3D  Plate  Mach  Profiles 
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Figure  236,  80  Grit  Plate  Mach  Profiles 
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Figure  237.  36  Grit  Plate  Mach  Profiles 
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Figure  239.  Pitot  and  LDV  Smooth  Plate  Density  Profiles 
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Figure  240.  Pitot  and  LDV  2D  Plate  Density  Profiles 
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Figure  241.  Pitot  and  LDV  3D  Plate  Density  Profiles 
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Figure  242.  Pitot  and  LDV  80  Grit  Plate  Density  Profiles 
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Figure  243.  Pitot  and  LDV  36  Grit  Plate  Density  Profiles 
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Figure  246.  2D  Plate  {f>u)bar  Profiles 
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Figure  247.  3D  Plate  (pu)bar  Profiles 
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Figure  250.  20  Grit  Plate  {pu)bar  Profiles 


Figtire  251.  x-z  Plane,  Cross-Film,  /tm-Tbrbulence  Intensity 
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Figure  252.  Smooth  Plate  Incompressible  Reynolds  Shear  Stress 
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Figure  253.  2D  Plate  Incompressible  Reynolds  Shear  Stress 
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Figure  254.  3D  Plate  Incompressible  Reynolds  Shear  Stress 
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Figure  255.  80  Grit  Plate  Incompressible  Reynolds  Shear  Stress 


318 


Figure  256.  36  Grit  Plate  Incompressible  Reynolds  Shear  Stress 


Figure  257.  20  Grit  Plate  Incompressible  Reynolds  Shear  Stress 
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